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SUMMARY 


A  knowledge  of  the  fundamental  optical  properties  of  the  terrestrial  atmospheric 
environment  is  essential  for  solving  various  problems  in  the  multidisciplinary  field  of 
visionics  including  the  areas  of  vision,  psychology,  atmospheric  physics,  infrared  physics, 
simulation,  astrogcophysics,  and  electro-optical  technology.  The  aim  of  this  report  is  to 
generalize  the  recent  work  of  the  author  and  to  summarize  the  data  from  other  world¬ 
wide  sources  published  by  the  first  quarter  of  1972.  This  report  includes  a  treatment  of 
the  atmospheric  radiation,  the  atmospheric  transmission,  and  the  transfer  of  contrast  by 
the  atmosphere.  The  fundamental  characteristics  of  the  daytime  and  nighttime  radia¬ 
tion  including  some  important  recent  measurements  of  the  solar,  twilight,  and  nightglow 
radiation  spectra  are  presented.  An  extensive  chapter  on  atmospheric  transmission  in¬ 
cludes  the  fundamental  properties  of  the  terrestrial  atmosphere  and  basic  principles  of 
atmospheric  absorption  and  scattering.  A  fairly  compictc  collection  of  the  most  import¬ 
ant  data  on  atmospheric  transmittance  in  the  0.4  fim  to  15  jum  spectral  region  is  present¬ 
ed.  The  effects  of  atmospheric  turbulence  on  the  propagation  of  imagery  arc  described. 
A  detailed  analysis  of  the  transfer  of  contrast  by  the  atmosphere  is  presented,  and  its 
significance  on  the  performance  of  electro-optical  devices  is  emphasized. 
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ATMOSPHERIC  OPTICAL  ENVIRONMENT 


I.  ATMOSPHERIC  RADIATION 

I.  Daytime  Radiation.  During  the  day,  the  predominant  radiation  on  the  earth 
is  the  solar  radiation  m  .ich  is  propagated  to  the  earth  through  tltr  intervening  spaee  and 
terrestrial  atmosphere.  The  clectromagnctie  .spectrum  of  the  solar  radiation  extends  in 
wavelengths  from  a  fraction  of  an  angstrom  to  hundreds  of  meters  including  the  gamma 
and  X'rays,  and  the  ultraviolet,  visible,  infrared,  micro,  and  radio  waves.  There  are  a 
number  of  publications  which  present  interesting  features  of  the  solar  radiation.'*^ 

Tlic  earlier  measurements  of  solar  radiation  were  made  mainly  with  ground-based  instru¬ 
mentation.  However,  recently,  high-altitude  aircraft,  balloon,  rocket,  and  space-borne 
instruments  have  been  used  for  solar  energy  studies.  The  solar  radiation  incident  on  the 
earth's  surface  varies  in  magnitude  and  spectral  composition  due  to  the  fluctuations  in 
solar  emissions,  the  attenuation  of  the  atmosphere,  and  the  variations  in  solar  distance. 
The  solar-distance  variation  produces  a  maximum  change  of  ±  3.5  percent  during  the 
year  in  the  solar  irradiance  on  the  earth's  surface.  The  variations  in  the  solar  spectrum 
due  to  fluctuations  in  solar  activity  are  comparatively  much  smaller  in  magnitude.  The 
fluctuations  in  the  incoming  5o/!ar  radiar/on,  insolation,  at  a  fixed  location  on  the  ^obe 
arc  mainly  caused  by  the  terrestrial  atmosphere  especially  due  to  variations  in  the  cloud 
cover,  water  vapor,  and  aerosols  in  the  atmosphere. 

The  solar  constant  is  the  amount  of  total  solar  energy  received  per  unit  time 
per  unit  area  exposed  normally  to  the  solar  rays  at  the  average  sun-earth  distance  in  the 
absence  of  the  atmosphere.  The  spectral  distribution  of  this  energy  as  a  function  of 
wavelength  is  the  solar  spectral  radiant  incidance*  (irradiance).  Thckaekara  has  report¬ 
ed  the  latest  state-of-the-art  on  the  meas'.rement  and  computation  of  the  solar  constant 
and  the  solar  spectral  radiant  incidance.^  ^  Table  1  and  Fig.  1  contain  the  NASA  .stand¬ 
ard,  solar  spectral  radiant  incidance  data  as  proposed  by  Thckaekara.  Tlie  new  NASA 


For  radionu'tric  iiomem.latiirr,  the  reader  is  referred  to  tin-  pro|HiBrd  Mil,  .Standard  fur  Infrared 
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Standard  of  solar  constant  is  135.3  mW  ctn'^  (1.940  calorics  cm'^  min*')  ivith  an  error 
of  t  1%.  The  solar  constant  value  of  139.5  mW  cm‘*  (2  cal  cm'*  min"')  proposed  liy 
.|ohn.son  in  19.54  is  about  3%  hip;hcr  than  the  new  NASA  Standard.^  The  wavelength 
range  of  0.22  micrometer  to  15.0  micrometers  contains  99.98%  of  the  solar  energ)^  out 
of  which  the  0.22*  to  0.38>micrometer  (ultraviolet)  region  contains  7.0%,  the  0.38*  to 
0.72-micrometer  (visible)  region  contains  41.86%,  and  the  0.72-  to  15.0-micrometer 
(infrared)  region  contains  51 .12%  of  the  total  solar  energy. 

The  spectral  or  total  solar  radiant  incidance  E  at  a  horizontal  plane  at  any 
time  at  a  given  geographical  location  at  a  solar  distance  R  is  given  by 

E  =  R„(R„/R)*  cosz  (I) 

where  E^  is  the  solar  constant  at  normal  incidence  at  the  average  solar  distance  R^  (one 
astronomical  unit),  and  z  is  the  solai  zenith  angle.  The  factor  (R^/R)*  depends  upon 
the  position  of  the  earth  in  its  orbit  around  the  sun.  McCullough  suggests  that  to  a  good 
approximation  (R^/R)*  =  I  -t-  2e  cos  (2  ff  D/365)  where  e  is  the  eccentricity  of  the 
earth's  orbit  (0.01675)  and  D  is  the  day  of  the  year.^  The  annual  variation  of  factor 
(Rg/R)* ,  the  inverse  squared  solar  distance  measured  in  aslrotiomical  units,  is  small  as 
compared  to  the  variations  in  cos  z  which  is  the  principal  factor  determining  the  hori¬ 
zontal-plane  solar  radiant  incidance.  The  zenith  angle  z  nay  be  expressed  in  terms  of 
the  astronomical  coordinate  variables  using  the  spherical  astronomy  relation:^ 

coz  z  =  sin  6  sin  ^  cos  5  cos  <p  cos  h,  (2) 

where  5  is  the  declination,  0  is  the  gragraphical  coordinate  latitude  of  the  location,  and 
h  is  the  time  of  the  day  in  hour  angles. 

The  annual  variation  of  daily  totals  of  .solar  radiation  in  the  absence  of  atmo¬ 
sphere  at  different  latitud<\s  i.s  presented  in  Fig.  2  on  a  .3-coordinate  grapli.  The  vertical 
coordinates  of  the  surface  are  proportional  to  the  daily  totals  of  iiuridcnt  solar  energy 
for  the  corresponding  latitude  and  .season  of  the  year.  The  terrestrial  atmosphere  alien- 
uates  the  incoming  solar  radiation  even  under  “clear"  conditions  due  to  .scattering  and 
absorption  by  atmospheric  gaseous  motccide.s  and  aerosols.  Almu.spheric  transniLssion 
of  electromagnetic  radiation  is  a  waveicngth  dependent  function.  (Tliis  .subject  will  Ik 
discussed  in  more  detail  in  a  later  chapter.) 

^*K.  S.  Johnson,/.  Metporol,  II,  ■t.'ll  (19.54). 

‘  K.  F.  Mi-tailldugh,  Arch.  Mel.  Ccnphyi.  Hiiikl.  Scr.  H  16,  129  (19t»n). 

^1.  1.  MuflliT  and  II.  Kii  hhoni,  Sphcricnl and  Itarlical  tsironomv,  fn-diTiii  I  ngar  rnhlishin)!  (xi.. 
New  York  (I9(>9). 


variation  of  insolation  for  different  latitudes  on  the  earth  (adapted  from  Kondratyev). 


In  the  presence  of  the  terrestrial  atmosj^ere,  the  spectral  radiant  incidance 
due  to  direct  solar  radiation  is  reduced  while  the  atmospheric  gases  and  aerosols  produce 
diffuse  sky  radiation  due  to  scattering  of  some  of  the  direct  solar  radiation.  The  reduc¬ 
tion  of  direct  incoming  solar  radiation  depends  upon  the  optical  path  which  the  radia¬ 
tion  has  traveled  within  the  terrestrial  atmosphere.  When  the  solar  radiation  is  incident 
normally  on  the  earth’s  surface,  the  optical  air  mass  is  unity.  If  the  earth  were  flat  and 
no  refraction  took  place,  the  effect  of  radiation  incident  on  any  angle  z  from  the  nor¬ 
mal  would  be  to  reduce  the  incident  radiation  by  an  air-mass  factor  equal  to  secant  z. 
Hiis  is  a  good  approximation  until  z  approaches  80°.  At  greater  zenith  angles,  the  se¬ 
cant  gives  values  which  are  increasingly  too  high  because  of  errors  due  to  atmospheric 
refraction,  curvature  of  the  earth,  etc.  The  air  mass  m  has  been  calculated  by  F.  hasten 
using  corrections  for  the  variations  of  refractive  index.’  Table  II  gives  values  of  optical 
air  mass  as  a  function  of  solar  altitude.  In  any  transparent,  homogeneous  medium,  the 
optical  transmittance  T  through  an  optical  path  length  R  is  given  by 


=  exp<-  a  R)  (3) 

where  o  is  the  attenuation  coefficient  per  unit  optical  path  length. 

ForR=l,  T,  =exp(-a),  (4) 

therefore,  Tjj  =  Ti  * .  (5) 

In  the  case  of  the  earth's  atmosphere,  if  T|  is  the  atmospheric  transmission 
for  a  unit  sir  mass,  then  the  atmospheric  transmission  T^  through  a  slant  optical  path 
involving  air  mass  m  will  be  given  by 

T^=(T,r-  (6) 

The  spectral  radiant  incidance  (irradiance)  due  to  the  attenuation  of  the 
direct  sunlight  by  the  lerr«‘strial  atmosphere  is  given  by 


(7) 


where  E^^y  is  the  spectral  radiant  incidance  for  zero  air  ma.ss.  T|  is  the  vertical,  atmo¬ 
spheric  transmittance  for  unit  a'r  mas.H,  and  m  is  the  air  masis  ln’twecn  the  siin  and  the 
point  of  incidence.  The  vertical,  integral,  atmo.sphcrie  Iransmittunre  for  unit  mas.-*  for 
the  visible  range  >s  O.T'tf).  Tins  is  bawd  upon  the  relation:'® 

^F.  Kattrn,  'W  New  Table  and  .-Xpproximatioii  Formula  fi>r  the  Keinlive  ( (plieal  .Xir  XW,"  .Iretiic 
fiir  Metroroloffie,  (^rophysik  und  liioklimalolofdt',  It-l  t,  Udti  ( !%.'>). 

W.  T.  Walsh,  TTip  .Srienre  nf  IkiYlifthl,  MardoiiaUI  X  (ai.,  I.ondiin  ( I'Jbl). 
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Table  II.  Relative  Optical  Air  Mass  in(A)  as  a  Function  of  Solar  Altitude  A. 

Computed  on  the  Basis  of  the  ARDC  Model  Atmosphere,  1959  (F.  Kasten) 

A  (dig)  m  (A)  A  (dig)  m  (A)  A  (dig)  m  (A)  A  (dig)  m  (A)  A  (dig)  m  (A)  A  (dig)  m  (A) 
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T.v  =  2:E„j,TxVx/rE„^V;,, 


(8) 


where  T|  v  is  the  integral,  vertical,  atmospheric  transmittance  fur  the  visible  solur  radia¬ 
tion  for  unit  air  mass,  is  the  spectral,  luminous  efficiency  of  radiation,  and  is  the 
vertical,  spectral  transmittance  of  the  atmosphere.  Tlie  spectral  atmospheric  transmit¬ 
tance  for  a  unit  optical  air  mass  is  a  variable  function  dependent  upon  the  composi¬ 
tion  of  the  highly  variable  constituents  of  the  atmosphere,  namely  water  vapor,  ozone, 
and  aerosols  at  the  time  of  measurement.  Table  111  gives  a  typical  set  of  atmospheric 
transmittance  data  based  upon  earlier  measurements  reported  in  the  literature.” 

Figure  3  sSiows  the  spectral  distribution  of  solar  radiant  incidance  at  sea  level  for  one 
optical  air  mass.'* 

Hie  spectral  luminous  efficiency  for  photopic  virion  (light-adapted  vision) 
and  Vx  for  scotopic  vision  (dark-adapted  vision),  is  given  in  Table  IV.  ITiese  values  are 
based  upon  a  “standard”  observer.”  Interpolated  values  of  spectral  luminous  efficiency 
at  1 -nanometer  intervals  are  available  in  the  literature.'*  An  actual  normal  observer 
may  have  rignificantly  different  spectral  luminous  efficiency.'* 

During  the  period  1943-1947,  Brown  made  worldwide  photometric  measure¬ 
ments  of  daytime  and  nighttime  natural  illumination  as  a  function  of  solar  altitude, 
Figure  4  contains  Brown’s  basic  curves  for  horizontal  luminous  incidance  (illuminance) 
as  a  function  of  solar  and  lunar  altitude  and  various  phases  of  the  moon.  These  curves 
give  average  luminous  incidance  levels  for  “clear”  environments.  Table  V  gives  values 
of  average  luminous  incidance  in  footcandies  for  the  entire  range  of  solar  altitudes  .'rom 
-90°  to  +90°.  At  a  particular  geographic  location,  the  altitude  of  the  sun  is  calculated 
using  the  relation. 


A  =  sin'*  [sin  5  sin  0  +  cos  5  cos  0  cos  h] . 


(9) 


^  *J.  W.  T.  Walsh,  The  Science  of  Daylight,  Mttcdonald  &  Co.,  London  (1961). 

L.  \»\\ey ,  Handbook  of  Ceophyeict  and  Space  Environments,  McGraw-Hill.  New  York  (1965). 

‘^/•jternationnl  Lighting  Vocabularv,  Third  Edition,  International  Commission  on  Illumination  (CIE), 
Paris  (1970), 

Le  Grand,  l,ight,  Colour  and  Vuion,  translated  by  R.  W.  G,  Hunt,  J.  W.  T.  Walsh,  and  F.  R.  W. 
Hunt,  Chapman  and  Hall  Ltd.,  London  (1968). 

W.  T.  Walsh,  Photometry,  Third  Edition,  Constable  &  Company  Ltd.,  London  (1958). 

*^Y.  Le  Grand,  Loc.  cit. 

R.  E.  Brown,  Natural  Illumination  Charts,  Report  No.  374-1,  Department  of  the  Navy,  Bureau 
of  Ships,  Washington,  D.  C.  (1952). 
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Table  III.  Vertical  Atmospheric  Transmittance  /or  a  Unit  Optical  Air  Mass 


WAVELENGTH 

IMCIOMETEII 

TRANSMinANCE 

WAVELENGTH 

IMIC60METEII 

TRANSMinANCE 

0.36 

0.489 

0.56 

1797 

0.37 

0.516 

0.57 

0.800 

0.38 

0.547 

0.58 

0.801 

0.39 

0.575 

0.59 

0.804 

0.40 

0.600 

0.60 

0.813 

0.41 

a624 

aoi 

0.822 

a42 

0.644 

0.62 

0.830 

0.43 

0.663 

0.63 

0.843 

0.44 

0.685 

0.64 

a853 

0.45 

0.703 

0.65 

0862 

0.46 

0.718 

0.66 

0.869 

0.47 

0.733 

0.67 

0.877 

0.46 

0.748 

0.68 

0.883 

0.49 

0.759 

0.69 

0.824 

0.50 

0.768 

0.70 

0.888 

C.3i 

0.777 

0.71 

0.884 

0.52 

0.783 

0.72 

0.789 

0.53 

0.788 

0.73 

0.860 

0.54 

0.795 

0.74 

0905 

0.55 

0.798 

a  75 

0836 

constituents  is  indicated  by  shaded  areas  (Valley). 


Table  IV.  Spectral  Luminous  Efficiency  for  the  CIE  Standard  Observer 
(From  International  Lifting  Vocabulary) 


WAVELENGTH 

(NANOIKTEIS) 


LUMINOUS  EFFICIENCY  LUMINOUS  EFFICIENCY 
FOR  PHOTOPIC  VISION  FOR  SCOTOPIC  VISION 


0.0000 

0.0001 

aooo4 

aoot2 

aoo4o 

aoiio 

aQ23 


aiQ7 

aooi 

0.032 

am? 

0.0082 

aoo4i 

0.0021 

0.00105 

000052 

0.00025 

0.00012 
0.000  06 
000003 
0.000015 


58 

0002  209 

0.00929 

0034.84 

0.0966 

0.1998 

0.32811 


0481 
0.328  8 
02076 
01212 
0065  5 

003315 
0.01593 
000737 
0.003  335 
0.001 497 

0000677 
0.0003129 
0.000148  0 
0000071  5 
0.000  03533 

000001780 
000000914 
0.000004  78 
0000  002  546 
0.000001379 

0000000760 
0000000425 
0000  000241 
0000  000139 
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Fig.  4.  Natural  luminous  incidance  (illuminance)  as  a  function  of  solar  and  lunar  alti¬ 
tude  and  for  various  phases  of  the  moon  as  measured  by  Brown. 
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A  is  the  altitude,  5  the  declination,  the  latitude,  and  h  the  time  of  the  day  in  hour 
angles.  The  Nautical  Almanac,  The  Air  Almanac,  and  the  American  Ephemeris  and 
Nautical  Almanac  issued  by  the  Nautical  Almanac  Office  of  the  United  States  Naval 
Observatory,  Washington,  D.  C.,  are  yearly  publications  containing  the  celestial  coordi¬ 
nates  of  the  sun  and  the  moon  and  other  useful  astronomical  data. 

A  very  useful  summary  of  solar-radiation  observations  for  the  major  meteoro¬ 
logical  observation  stations  in  the  United  States  has  been  published  by  Atlas  and  Charles.*’* 
The  vertical,  atmospheric  transmittance  for  various  horizontal,  visible  ranges  and  other 
data  are  presented. 

2.  Twili^t  Radiation.  The  radiation  scattered  by  the  atmosphere  when  the  sun 
is  just  below  the  horizon  is  called  twilight  radiation.  The  twilight  period  separates  the 
interval  between  daytime  and  nighttime  conditions  of  illumination.  There  are  three 
periods  into  which  the  twilight  interval  is  subdivided  according  to  the  general  levels  of 
illuminance.  These  are  called  the  civil,  nautical,  and  astronomical  twilight  periods.  The 
civil  twili^t  period  is  defined  as  the  time  interval  between  the  instant  when  the  appar¬ 
ent  altitude  of  the  upper  solar  limb  is  at  0°  (astronomical  horizon)  and  when  the  center 
of  the  solar  disk  is  at  -6°.  Under  the  average,  civil  twilight  conditions,  there  is  enough 
illuminance  to  perform  normal  daytime  activities.  The  nautical  twilight  period  prevails 
when  the  apparent  solar  altitude  is  between  0“  (upper  limb)  and  -12"  (center  of  solar 
disk).  When  the  solar  depression  is  between  9°  and  12".  the  illuminance  is  reduced  con¬ 
siderably  and,  consequently,  the  horizontal,  visible  range  is  reduced  to  less  than  400 
meters.  The  brighter  planets  and  stars  begin  to  be  visible  in  the  sky  from  sea  level.  The 
astronomical  twili^t  period  extends  during  the  interval  when  the  apparent  solar  alti¬ 
tude  is  between  0"  and  -18".  When  the  solar  depression  is  between  12  and  18  degrees 
below  the  horizon,  there  is  insignificant  illuminance  for  visual  purposes  but  just  too 
much  scattered  solar  radiant  incidance  for  proper  astronomical  observations.  The  actu¬ 
al  conditions  of  ground-level  illuminance  during  the  twilight  period  will  generally  de¬ 
pend  on  the  optical  state  of  the  atmosphere.  According  to  another  scheme,  the  twili^t 
period  is  subdivided  into  three  periods  of  civil,  nautical,  and  astronomical  twilight  when 
the  solar  depression  is  between  0"  -  6°,  6"  -  12",  and  12"  -  18",  respectively.  The 
duration  of  twilight  at  any  place  depends  upon  the  apparent  angular  velocity  of  the  sun 
and,  hence,  on  the  geographical  latitude  of  the  location  and  the  time  of  the  year.  Tables 
of  sunrise,  sunset,  and  twilight  are  published  in  the  literature.” 


A.  Atlas  and  B.  N.  Charles,  Summary  of  Solar  Radiation  Observations,  The  Hoeing  Company, 
Aerospace  Division,  Seattle,  Wash.,  Document  D2-90.'j77-l  12  (1964),  M)  889157. 

^^Supplemcnt  to  the  American  Ephemeris  for  1946,  U.  S.  Government  Printing  Office,  Washington, 
D.C. 
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During  the  transition  between  day  and  niglil  thron[i'h  the  twilij^it  period,  the 
illuminance  at  the  earth’s  surface  varies  by  a  factor  of  almost  a  billion  from  about 
1.15  X  10^  footcandles  in  the  daytime  to  about  5  x  10'®  footcandles  at  night  as  shown 
in  Fig.  4  for  a  “clear”  atmosphere.  Since  the  variation  of  illuminance  at  the  earth’s  .sur¬ 
face  during  the  twilight  period  is  very  rapid,  the  absolute  quantitative  mea.surements  arc 
comparatively  much  harder  to  make.  The  twilight  .spectra  are  higlily  variable  in  sp<;etral 
composition  and  relative  strengths  of  spectral  lines  with  time  as  the  shadow  of  the  earth 
varies  with  lime  thus  changing  both  the  excited  and  attenuating  layers  of  the  lower  at¬ 
mosphere.  However,  twilight  phenomena  have  attracted  worldwide  attention  through 
the  ages.  A  number  of  workers  have  recently  published  extensive  literature  on  the 
studies  of  twilight  phenomena. 


The  twilight  spectra  arc  dominated  by  emissions  from  ionized  molecular  nitro¬ 
gen  (band  heads  at  3914  A  and  4278  A),  sodium  D  lines  (at  5896  A  and  5890  A),  and 
atomic  oxygen  lines  (at  5577  A,  6300  A,  and  6364  A)  in  the  visible  spectrum  and  the 
helium  emission  (at  10830  A)  and  molecular  oxygen  Oj  (bands  at  1.27  and  1.58  microm¬ 
eters)  emissions  in  the  intVared  region.  Since  the  1.27-micrometer  radiation  is  reabsorbed 
by  the  atmospheric  oxygen  in  the  lower  atmosphere,  this  band  is  observed  only  in  high- 
altitude  twilight  spectra.  Figure  5  .shows  some  low-resolution  twilight  spectra  recorded 
by  Rozenberg,^*  and  Fig.  6  shows  a  hi^i-rcsolution  twilight  spectrum  by  Chamberlain 
These  spectra  are  characteristically  different  from  the  daylight  or  nightglow  spectra  in 
that  certain  features  arc  found  in  twilight  spectra  which  arc  cither  absent  or  much  differ¬ 
ent  in  the  nightglow  or  solar  spectra.  Most  of  the  twilight  emissions  are  caused  by  the 
resonance  scattering  or  fluorescence  while  the  atmosphere  is  directly  irradiated  by  the 
solar  radiation.  (Tlie  processes  of  excitation  whereby  atmospheric  atoms  or  molecules 
absorb  solar  radiation  which  is  subsequently  released  or  re-emitted  as  atmospheric  radia¬ 
tion  will  be  discussed  later.) 


90 

W.  Chamberlain,  l*hysics  of  the  Aurora  and  Airghw,  Academic  Press,  New  York  (1961 ). 

91 

“‘J.  A,  Ratcliffe,  Physics  of  the  Upper  Atmosphere,  Academic  Prc.-.s,  New  York  (I960). 

99 

“'‘B,  M.  McCormac  and  A.  Dmholl,  editors,  Atmospheric  Emissions,  Van  Nostrand  Rcinhold 
Company,  New  York  (1969). 

M.  McCormac,  editor.  The  Radiating  Atmosphere,  .Springor-Verlag  New  York,  Inc.,  New  York 
(1971). 

V.  Rozenberg,  Twilight,  Plenum  Press,  New  York  (1966). 

^■’M.  F.  Ingham,  “The  Spectrum  of  the  Airglow,”Scicnti/ic  American  226,  78  (1972). 

V,  Rozenberg,  Loc,  cit. 

J.  W.  Chainhcrlain,  Lor.  cit. 
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3.  Ni^ttime  Radiation.  When  the  sun  is  more  than  18  degrees  below  the  ecles- 
tial  horizon,  the  earth’s  surface  and  the  lower  atmosphere  do  not  receive  any  direct 
solar  radiation.  Yet,  even  on  a  moonless  ni^t,  there  is  a  faint  amount  of  diffuse  radia¬ 
tion  reaching  the  earth’s  surface.  The  nighttinie  radiation  is  composed  of  the  following 
components: 

(a)  I'he  integrated  stellar  radiation  originating  from  the  distant  stars. 

(b)  The  zodiacal  radiation  which  is  solar  radiation  scattered  by  the 
interplanetary  dust. 

(c)  The  night^ow  (or  ni^t  air^ow)  originating  in  the  upper  terrestrial 
atmosphere  due  to  the  into  action  of  the  solar  radiation  on  gaseous 
atoms  and  molecules.  The  excitation  energy  is  later  released  as  the 
nightglow  radiation. 

(d)  The  integrated  nebular  radiation  from  the  distant  gaseous  nebulae. 

(e)  The  auroral  emissions  which  arc  often  visible  at  hi^  latitudes. 

(f)  TTie  lunar  radiation  which  is  the  solar  radiation  reflected  by  the 
moon. 

All  radiation  originating  cither  in  the  extra-terrestrial  space  or  in  the  upper 
terrestrial  atmosphere  is  scattered  and  attenuated  by  the  lower  atmosphere  before 
reaching  sea  level.  Knowedge  of  the  characteristics  of  nighttime  radiation  is  important 
to  the  atmospheric  physicist  or  acronomer  who  is  interested  in  the  optical,  physical, 
and  chemical  processes  in  the  atmosphere.  The  spectra  of  the  nighttime  radiation  pro¬ 
vide  essential  clues  to  the  nature  of  these  processes  at  different  heights  in  the  terrestrial 
atmosphere  as  well  as  in  the  extra-terrestrial  space. 

a.  Ni^t^ow.  A  number  of  authoritative  and  exhaustive  treatises^® and 


W.  Chamborlain,  l*hysics  of  the  Aurora  and  Air^ow,  Academic  Press,  New  York  (1961). 
29 

J.  A.  Ratcliffe,  Physics  of  the  Upper  Atmosphere,  .Academic  Press,  New  Y  ork  (1960). 

'^11.  M.  McCorrnac  and  y\.  Dmholl,  editors.  Atmospheric  Emissions,  Van  Nostrand  Keinliold 
uompany,  New  York  (1969). 

■^M{.  M.  Medormuc,  editor,  The  Hadiatinp  Atmosphere,  .Sprin}ier-Verla<;  Ni  w  Yj>rk  Ine.,  New 
York  (1971). 

V,  Ko/.enberg,  Twilipht,  Plenum  Pn*ss,  New  York  (1966). 


excellent  review  articles^^'^'  have  been  published  recently  on  various  measurements 
and  theories  of  the  excitation  processes  which  may  be  responsible  for  various  compo¬ 
nents  of  niglittimc  radiation.  Tlie  problem  of  exactly  how  various  night^ow  emissions 
are  produced  and  exactly  at  what  height  in  the  atmosphere  is  still  not  completely  re¬ 
solved.  There  are  multiple  excitation  and  de-excitation  processes  which  arc  respoasiblc 
for  atmospheric  emissions  under  different  dynamic  conditions  of  the  terrestrial  atmo¬ 
sphere.  The  complexity  of  the  night^ow  emissions  is  due  to  the  variability  of  the  con¬ 
centration  and  composition  of  atmospheric  constituents  (atoms,  molecules,  and  ions) 
as  well  as  the  energy  of  the  extra-terrestrial  photons  or  other  particles  which  interact 
with  atmospheric  particles  at  various  hciglits  above  sea  level  in  the  presence  of  a  varia¬ 
ble  electromagnetic  field. 

Tlie  major  processes  of  excitation  whereby  energy  may  be  absorbed  by 
an  atmospheric  atom  or  molecule  and  later  released  as  night^ow  radiation  are  briefly 
described  here: 


(1)  Resonance  scattering— the  process  in  which  an  atom  absorbs  inci¬ 
dent,  radiant  energy  and  later  emits  radiation  of  the  same  wavelength. 

(2)  Fluorescence— the  process  in  which  an  atom  absorbs  radiation  of 
one  wavelength  and  emits  radiation  of  a  longer  wavelength. 

(3)  Chemical  association— the  process  by  which  atoms  and  molecules 
combine  and  und*’rgo  chemical  change  resulting  in  the  release  of  radiative  energy. 


F.  Ingham,  “The  Spectrum  of  the  Airglow,”.Scjcnti/ic  American  226,  70  (1972). 

Qyi 

*"F.  E.  Roach,  “The  Light  of  the  Night  Sky:  Astronomical,  Interplanetary  and  Geophysical," 

Space  Science  Reviewx  3,  .'512(1 96'1-). 

'^F.  E.  Roach,  “The  Nightglow ,”  Advances  in  Electronics  18,  I  (1963). 

1.  Km.ssovsky  and  N.  N.  Shefov,’*‘Airglow”’ .Space  5r/encc  Revieu's  4,  176  (1965). 

\S.  M.  Silverman,  “Niglil  Airglow  Phenomenology, ’\Spoce  Science  Reviews  11,  .341  (1970). 

F.  Noxon,  “r).iy  Airglow,”  Spoce  Science  Reviews  8,  92  (1968). 

on 

■^I).  M.  lliinten,  “Spectroscopic  Stiidie.«  of  the  Twiliglit  Airglow,"  S/tare  Science  Reviews  6, 
493(1967). 

'^^A.  L.  Rrnadf<M>t  and  K.  R.  Kendall,  ‘The  Airglow  Sfiectnim,  3100-10,000  A,"  Jour.  Geophy. 

Res.,  Space  I\ys.  7.3,  426  ( 1 9f)0). 

V,  I.  Krassovosky,  N,  N.  Shefov.  and  V.  I.  Yarin.  “Atlas  of  the  Airglow  Spectrum  .3000-l2.«K)  A," 
hanetary  Space  Sri  9.803(1962). 
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(4)  Ionic  reaction-the  process  in  which  ionized  gaseous  molecules  re¬ 
combine  with  available  electrons  resulting  in  dissociative  recombinations  with  con¬ 
sequent  release  of  radiation. 

(5)  Photo-dissociation  (or  radiative  dissociation)-  the  process  in  which 
a  molecule  may  absorb  radiation  resulting  in  one  or  more  atoms  in  an  excited  state 
with  subsequent  de-activation  and  re-emission  of  radiation. 

(6)  Particle  collision— the  process  in  which  an  energetic  particle  collides 
with  atmospheric  atoms  or  molecules  resulting  in  a  change  of  internal  energy  of 
the  participants  and  subsequent  release  of  radiation. 

(7)  Transfer  of  excitation— the  process  in  which  excitation  energy  may 
be  transferred  to  another  atom  or  molecule  leaving  the  latter  in  an  excited  state 
with  subsequent  emission  of  radiation. 

Figure  7  shows  a  high-resolution  airglow  spectrum  from  310  nm  to 
1000  nm,  recorded  by  Broadfoot  and  Kendall  at  the  Kitt  Peak  Observatory,  Arizona,  at 
an  altitude  of  2080  meters.^^  Hie  prominent  features  of  this  spectrum  are  the  oxygen 
01  5577  A,  01  6300-6364  A,  Sodium  Na  I  5893  A  (unresolved  doublet  5890-5896  A), 
and  the  hydroxyl  OH  emissions  spread  almost  all  over  the  entire  spectrum  but  quite 
dominant  beyond  the  visual  cutoff  at  about  7200  A.  The  other  important  features  are 
the  atmospheric  oxygen  molecular  bands  (Herzberg)  from  about  3140  A  to  4840  A  and 
the  contamination  due  to  mercury  lines  Hg4358  A  and  5461  A  from  artificial  lights  on 
the  ground-a  common  problem  in  the  United  States  even  in  “remote”  locations.  There 
is  an  absorption  band  system,  starting  at  7619  A,  due  to  the  atmospheric  oxygen  O2. 
Figure  8  shows  some  low-resolution,  total  night-sky  radiant  sterance  (radiance)  spectra 
due  to  the  entire  hemispheric  radiation  recorded  by  Vatsia,  Stich,  and  Dunlap  at  ground 
level  for  various  lunar  phases.^^  These  spectra  cover  the  spectral  range  from  450  nm  tn 
1950  nm.  Curve  1  corresponds  to  the  total,  moonlcss-night-sky  radiation  consisting  of 
the  night^ow  (airglow),  the  zodiacal  radiation,  the  integrated  stellar  radiation,  and  the 
nebular  radiation.  Curves  2,  3,  and  4  are  due  to  the  radiation  represented  in  curve  1 
plus  contributions  from  the  solar  radiation  as  reflected  by  the  moon  for  various  phases. 
In  addition  to  the  prominent  emission  features  of  01  5577,  6300-64  A,  Na  I  5893,  and 
OH  emissions  between  7200-19500  A,  there  are  characteristic  absorption  bands  due  to 
the  constituents  of  the  lower  atmosphere,  chiefly  atmospheric  molcrulur  oxygen,  water 


L.  Broadfoot  and  K.  H.  Kendall,  “The  Airjdow  .Spectrum,  3100-1[),000  A, "your.  Gvophy. 

Ret,,  Space  Phyt,  73,  426  ( 1968). 

L.  Vatsia,  L.  K.  .Stich,  and  D.  Dunlap,  "Night  .Sky  Radiant  .Sterance  from  4.10  nni  to  2000  iim," 
J,  Opt.  Sop.  Am.  59,  '18.3(1969):  also  Technical  Report  KC().M-7022,  Night  V'ision  Laboratory  , 
Visinnics  Technical  Xrea,  Fort  llelvoir,  Virginia  (1972). 
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vapor,  and  carbon  dioxide  at  about  0.72, 0.76, 0.78, 0.84, 0.94, 1.13, 1.38,  and  1.85 
micrometers  (compare  Fig.  3).  The  individual,  sharp  features  of  the  atmospheric  air- 
glow  emissions  are  quite  prominent  until  the  solar-radiation  contribution  from  the  larg¬ 
er  illuminated  lunar  fraction  becomes  overwhelming.  Tlic  luiur  contribution  to  the  in¬ 
tegral,  nighttime  radiation  decreases  rapidly  beyond  the  visible-radiation,  cutoff  wave¬ 
length  and  becomes  almost  insignificant  b^ond  1.35  Mm  for  all  phases  of  the  moon.  In 
the  visible  spectral  range,  however,  the  luruu-radiation  increases  the  ground-level  radiant 
incidance  by  a  factor  of  up  to  700  for  the  full  moon. 

The  excitation  processes  for  the  prominent  atmospheric  emissions  con¬ 
stituting  the  night^ow  are  discussed  here.  Further  details  may  be  found  in  the  litera¬ 
ture.**'*’'  Figure  9  shows  an  atomic  oxygen  01  energy -level  diagram  indicating  various 
quantum  mechanical  energy  states  and  the  observed  emission  lines.  The  green  01 5577  A 
emission  line  represents  a  transition  from  the  'S^  state  to  the  ‘D,  state,  and  the  red  lines 
01  6300  A  and  01  6364  A  result  from  the  transitions  between  the  ’D]  state  and  the 
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and  ’  P|  states,  respectively.  Some  of  the  proposecf  excitation  mechanisms  for  01  emis¬ 
sions  follow: 


3  O  -•  0,  +  0  ('S)  +  0.95  cV  (10) 

Oj +  c--»  0  +  0(‘D)  +  4.99eV  (11) 

-•  2  0  (‘D)  +  3.03  eV  (12) 

■*0  +  0<‘S)+2.78eV  (13) 

•>O(‘D)+O('S)  +  0.82eV  (14) 

NO^  +  e-  N  +  0  (‘0)  +  0.80  eV.  (15) 

The  excitation  process  represented  by  equation  (10)  is  the  Chapman 
process,  a  chemical  association  process,  while  those  represented  by  equations  (11) 
through  (15)  are  ionic  dissociative  recombinations.  The  Chapman  process  is  considered 
to  be  the  predominant  process  for  the  5577  A  emission  at  about  100-km  altitude;  while 
the  01  6300/6364  A  doublet  is  emitted  in  the  F  layer  at  about  300-km  altitude  as  a 
consequence  of  the  ionic  recombination  processes. 

lYie  Meinel  vibration  rotation  bands  of  hydroxyl  radical  OH  are  thought 
to  be  due  to  the  chemical  recombination  process  suggested  by  Bates  and  Nicolet; 

Oj +  H-»OH»  +  0^  (+3.34eV).  (16) 

Krassovsky  and  Shefov  suggest  the  alternate  process  for  OH  emissions: 

Oj  +  H -*-OH*  +  0.  (17) 

Ute  sodium  Na  D  lines  at  night  arc  believed  to  be  a  result  of  the  processes; 

INa  O  +  O  ^  Na(*  P)  ■»  Oj  (18) 

and 

INa  II +  0-*  Na(*P)  +  OII.  (19) 

Krassovsky  and  Shefov  have  proposed  the  excitation  process  for  the  emission  of  the 
green  continuum  due  to  the  reaction; 

NO  +  0  -►  NO,  4  h  .  (20) 
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Table  VI  contains  the  main  night^ow  emissions,  the  emitter  level  energy 
state,  the  altitude  of  occurrence,  the  photon  exitance  in  rayleighs*  and  equivalent  pho¬ 
ton  sterance  in  Watts/cm^  -sr,  and  the  excitation  process  for  each. 


The  rayleigh  is  a  unit  of  airglow  emission  rate  named  after  the  fourth  Lord  Rayleigh  (R.  J.  Strutt). 
One  rayleigh  corresponds  to  the  emission  rate  of  10^  photons  per  second  per  cm^  (column)  from  a 
volume  source  of  radiation  (see  Chamberlain,  Phytia  of  the  Aurora  and  Airglow^  Appendix  11,  Aca¬ 
demic  Press,  New  York,  1961).  The  photon-integrated  emission  E  measured  in  rayleighs  is  defined: 

Ejj  =  1  R  =  10‘photon8  8‘'  cm‘*  (column).  (21) 

The  photon  sterance  (earlier  called  radiance  or  intensity)  of  the  volume  source  of  radiation  emit¬ 
ting  at  the  rate  of  one  rayleigh  will  be: 

Lp  =  (10*/4ff)  photons  s'*  cm‘*  sj**.  (22) 

For  monochromatic  radiation  of  wavelength  X,  the  photon  sterance  in  the  equivalent  energy  units 
will  be: 

Lp(X)  =■  (10‘/4ff)  (hc/X) s'* cm-*  sr*' ,  (23) 

h  =  6.6256  X  10'*^W  s*  (Planck  constant), 

c  =  2.9979  X  10**  A  s'*  (Speed  of  light). 

The  substitution  of  the  values  of  the  Planck  constant  h  and  the  speed  of  light  c  in  equation  (23)  gives 
Lp(  X)  =  ( 1 .5806  X  1  o  '*)  /  X<A)  W  cm  *  sr  *  (24) 

where  X(A)  is  wavelength  expressed  in  angstroms. 

For  a  volume  source  with  emission  rate  of  R/A  (rayleighs  per  angstrom),  the  corresponding  photon 
sterance  (radiance)  will  be  given  by 

Lj^  =  (R/A)  (1 .5806  X  10  ‘«)/X(A)  W  cm  *  sr’*  A'*.  (25) 

In  general,  the  photon  emission  in  rayleighs  can  be  expressed  in  the  equivalent  energy  units  using  the 
relation: 

1  Rj^  =  10* (hc/X)  s'* cm'*  ,  (26) 

or  '  R  X  =  '  /  MA)  W  cm  *  (27) 

where  X(A)  is  the  wavelength  in  anfptroms. 


i 
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Table  VI.  IVfajor  Ni^tdow  Emissions  (Adapted  from  McCormac 


b.  iVloonlight.  The  luminou!'  iiicidaiicc  (illuminanct')  on  the  earth  due  tu 
the  solar  radiation  refleeted  by  the  muon  goes  throiigli  variations  determined  by  the 
altitude  and  phase  of  the  moon.  'Fhr  relative,  integral,  luminous  steranee  (luminance) 
of  the  Mioon  as  a  function  of  lunar  pliase  angle  has  been  experimentally  measured  by 
Russel^"  and  Rougier.^*  Tables  Vila  and  Vllb  and  Fig.  10  sliow  the  relative,  luminous 
aterance  of  the  moon  as  a  function  of  the  phase  angle.  The  phase  an^e  is  the  angle  sub¬ 
tended  by  the  sun  and  the  earth  as  observed  from  the  moon.  The  phase  angle  is  nega¬ 
tive  for  the  waxing  moon  and  positive  for  the  waning  moon.  Hie  phase  angle  \f  can  be 
computed  from  the  Nautical  Almanac  from  the  longitudes  of  the  sun  and  the  moon. 

The  phase  angle  is  180°  minus  the  absolute  difference  between  the  longit  ides  of  the 
sun  and  the  moon  at  a  particular  time.  The  fraction  of  the  moon  illuminated  and  seen 
from  the  earth  is  also  listed  in  the  Nautical  Almanac.  The  fraction  of  area  of  the  lunar 
disk  that  is  illuminated  is  equal  to  the  illuminated  fraction  of  the  diameter  perpendicu¬ 
lar  to  the  line  of  cusps.  The  fraction  of  the  moon  illuminated  as  a  function  of  the  phase 
angle  is  given  by  the  relation; 

F=(l -t-cc  .p)/2.  (28) 

The  luminous  incidance  (illuminance)  of  the  moon  has  been  reported  by  Brown.^  The 
full  moon  at  the  zenith  produces  a  luminous  incidance  (illuminance)  of  about  3.4  x  10'^ 
fcotcandles  on  a  horizontal  plane  at  sea  level  under  clear  atmospheric  conditions.  For 
a  zenith  angle  z  and  a  lunar  phase  an|^e  the  horizontal,  sea  level,  lunar  luminous  inci¬ 
dance  (illuminance)  will  be  given  by  the  relation: 

E=L(yi)Eo(T,  )'"•',  (29) 

where  E  is  luminous  incidance  on  a  sea  level  horizontal  plane,  L(ip)  is  the  lunar  lumin¬ 
ance  pha.se  function  (from  Fig.  10),  Eq  is  the  sea  level  horizontal  luminous  incidam  e 
when  the  full  moon  is  at  the  zenith,  T|  is  the  vertical  atmospheric  transmittance  for  a 
unit  optical  mass  (T|  =  fl.79&),  and  m  is  the  atmospheric  optical  air  mass.  The  air  mass 
m  equals  secant  z  where  z  is  the  lunar  zenith  angle.  This  is  a  good  approximation  until 
z  approaches  over  80  degrees.  Accurately  computed  values  of  the  optical  air  mass  for 
various  values  of  the  altitude  angle  are  given  in  Table  11. 


^11.  N,  RuBsel, /l»frop/iyrica/yf>ur.  43,  103(1916). 

Kougicr,  Ann,  Obs,  Stratbourg  2.  20.1  (19.3.3). 

^I).  R.  E.  Brown,  Natural  lUuminalwn  Chant,  Report  No.  374-1.  Department  of  tin-  Navy,  Bureau 
of  Ships,  Wisbington,  D.  C.  (1952). 
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Table  Vllb.  Hie  Relative  Radiant  Sterance  of  the  Moon  as  a 
Function  of  Phase  Angle  Based  Upon  Rougier’s  Measurements 


PHASE-ANGLE 


BEFORE  FULL  MOON 

AFTER  FULL  MOON 

STERANCE  MAGNITUDE 

STERANCE 

MAGNITUDE 

1 

100 

■ 

100 

0.00 

78.7 

75.9 

0.30 

0.55 

58.6 

0.58 

46.6 

b83 

45.3 

0.86 

35.6 

1.12 

35.0 

1.14 

27.5 

1.40 

27.3 

1.41 

21.1 

1.69 

21.1 

1.69 

16.1 

1.98 

15.6 

2.02 

12.0 

2.30 

11.1 

2.39 

8.24 

2.71 

7.80 

2  77 

5.60 

3.15 

5.81 

3.09 

3.77 

3.56 

4.05 

3.48 

2  49 

4.01 

2  61 

3.96 

1  51 

4.55 

1  58 

4.50 

i 

0.93 

5.08 

1 

0.46 

5  84 

Fip.  1 0.  The  relative  radiant  sterance  of  the  moon  as  a 
measurements. 


The  geocentric  coordinates  of  the  moon  can  be  calculated  for  any  geo¬ 
graphical  location  for  any  time  with  the  following  relations: 


cos  z  -  sin  A  -  sin  6  sin  0  +  cos  6  cos  0  cos  h 


(2) 


sin  Z  =  (cos  5  sin  h)/sin  z  (30) 

where  z,  A,  Z,  5,  and  h  arc  *'  aonith  distance,  altitude,  azimuth,  declination,  and  hour 
angle  of  the  moon,  respectively,  and  ^  is  the  geographical  latitude  of  the  location.  To 
compute  the  apparent  altitude  of  the  moon  from  the  surface  of  the  earth,  one  has  to 
apply  a  parallax  correction.  The  parallax  is  the  difference  of  altitude  or  zenith  distance 
of  a  celestial  body  as  seen  from  the  surface  and  the  center  of  the  earth  respectively. 

The  parallax  angle  equals  the  angle  subtended  by  the  earth's  radius  at  the  center  of  the 
celestial  body.  The  apparent  altitude  A'  is  given  by:^‘ 


A'  =  A  -  p 

(31) 

sin  p  =  sin  ir  cos  A 

(31a) 

where  p  is  the  parallax  angle  and  v  is  the  equatorial  horizontal  parallax  (II.P.)  of  the 
moon  (tabulated  at  hourly  intervals  in  the  Nautical  Almanac).  There  is  no  parallax  in 
azimuth,  of  course. 

llic  spectral  radiant  incidence  (irradiance)  due  to  the  radiation  from  the 
moon  as  well  as  the  low-level  radiation  from  night^ow,  and  zodiacal  and  integrated  stel¬ 
lar  radiation  varies  considerably  as  the  proportion  of  moonlight  is  added  to  the  low-level, 
nighttime  radiation.  Figure  1 1  shows  nighttime  radiation  spectra  for  various  altitudes  of 
the  moon  during  the  same  night  recorded  by  Vatsia,  Stich,  and  Dunlap  at  Lake  Montau- 
ban,  Canada.^^  The  relative  heights  of  the  airglow  spectral  emissions  over  the  general 
level  of  the  continuum  vary  as  the  contribution  due  to  the  lunar  radiation  increases. 

The  spectral  line  profiles  arc  determined  by  the  resolution  of  the  spectroradiometcr. 


William  Chauvenct.  ,  t  Manual  of  Spherical  and  Practical  Artronomy.  Volume  I ,  p.  103,  5th  edition, 
Dover  Publications,  Inc,,  New  York  (1960). 

^'^M.  1..  Vatsia,  U.  K.  .Stich,  and  1).  Dunlap,  “Night  .Sky  Radiant  Sterance  from  450  nm  to  2000  nm," 
/.  Opt,  Soc.  Am.  59,  483  ( 1969);  alwi  Technical  Report  EC()M-7022,  Niglit  Vision  Laboratory, 
Visionics  Technical  .Area,  Fort  llelvoir,  Virginia  (1972). 
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II  ATMOSPHERIC  TRANSMISSION 


4.  The  Terrestrial  Atmosphere.  There  are  a  large  tuiniher  of  piililieatioiiK  wliieh 
contain  extensive  treatises  on  various  features  of  the  terrestrial  atmosphere. Only 
those  properties  of  the  atmosphere  which  influence  the  propagation  of  electromagnetic 
radiation  in  the  wavelength  range  from  0.2  micrometer  to  15.0  micrometers  will  be  re¬ 
viewed  here.  The  composition  of  the  permanent  atmospheric  constituents  varies  with 
height  above  sea  level  as  shown  in  Figs.  12  and  13.  For  all  practical  purposes,  the  pro¬ 
portions  of  the  four  permanent  gases-  nitrogen,  oxygen,  argon,  and  carbon  dioxide 
(which  constitute  99.997%  of  the  dry  atmosphere  up  to  90  kilometcr8)-are  generally 
considered  to  be  constant  up  to  a  heiglit  of  90  kilometers.  However,  the  concentration 
of  carbon  dioxide  does  vary  slightly  and  the  water  vapor  content  of  the  atmosphere  can 
vary  up  to  4%,  but  it  is  generally  between  0.1  and  1.0%.  Tabic  VIII  lists  the  major, 
permanent  constituents  of  the  atmosphere.  The  principal,  man-made  atmospheric  pol¬ 
lutants  which  can  have  a  significant  influence  on  the  atmospheric  transmission  are  the 
oxygen  compounds  (CO,  CO] ,  Oj),  nitrogen  compounds  (NO,  NO],  Nllj ),  halogens, 
hydrocarbons,  aldehydes,  and  aerosols.  The  concentration  of  the  man  made  pollutants 
is  highly  variable.  Ozone  (O3 )  is  an  important  constituent  of  the  atmosphere,  but  it  is 
distributed  nonuniformly  between  10  anti  40  kilometers  above  the  earth's  surface  with 
a  sharp  peak  between  20  and  30  kilometers. 

A  temperature-altitude  profile  in  the  atmosphere  is  caused  by  the  physical 
interactions  between  the  solar  radiation  and  the  atmospheric  constituents  and  the  earth's 
surface.  The  temperature-altitude  profile  is  a  variable  with  latitude  and  season.  Mean 
annual  temperature-altitude  profiles  based  upon  large  measurements  averaged  over 


Ya.  Kondratyev,  Radiation  in  the  Atmosphere,  Academic  Press,  New  York  (1969). 

^S.  L.  V'alley,  Ihndbook  of  Geophysics  and  Space  Environments,  Md» raw -Hill,  New  York  (1965). 

M.  Goody,  Atmospheric  Radiation,  0*f«)rd  University  Press,  l,otidon  (1964). 

^17.  S.  Standard  Atmosphere,  1962,  and  U.  S,  Standard  Atmosphere  Supplements,  1966,  U.  S.  Gov¬ 
ernment  Printing  Office,  Washington,  D.  G.  20402. 

Riehl, /ntroduclion  to  the  Atmosphere,  McGraw-Hill  Book  Company,  New  York  (1965). 

^S.  K.  Mitri,  The  Upper  Atmosphere,  The  Asiatic  .Society,  (Calcutta  ( 1 952). 

^11.  S.  W.  Massey  and  R.  L.  F.  Boyd,  The  Upper  Atmosphere,  Philosophical  Library  ,  New  York  (19.58). 

^^R.  W.  Fairbridge,  The  Encyclopedia  of  Atmospheric  Sciences  and  Aslropeology,  Heinhold  Publishing 
Corporation,  New  York  (1967). 

Handbook  of  Geophysics,  Revised  Edition,  The  MacMillan  (Company,  lew  York  (1961). 
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Fig.  13.  Vertical  distribution  of  atmos{dieric  constituents  from  80  to  500  kilometers  (Valley). 


Table  VIII.  Composition  of  the  Atmosphere  (Dry) 
Up  to  About  90  km 


CONSTITUENT 

PER  CENT 

BY  VOLUME 

PER  CENT 

BY  WEIGHT 

REDUCED  THICKNESS* 
(atm-cm,  STP) 

NITROGEN  IN2) 

78.088 

75.527 

6.2434  X  105 

OXYGEN  (02) 

20.949 

23.143 

1.5750  X  105 

ARGON  |A) 

0.93 

1.2B2 

7.436 

X  103 

CARBON  DIOXIDE  ICO2I 

0.03 

4.56  X  10‘2 

2.40 

X  103 

NEON  (Ne) 

1.8  xlO-3 

1.25  X  10*3 

1.44 

xIO^ 

HELIUM  (He) 

5.24  X  10-^ 

7.24  X  10*5 

4.19 

METHANE  ICH4) 

1.4  xIO*^ 

7.25  X  10*5 

1.12 

KRYPTON  (Krj 

1.14  X  lO*^ 

3.30  X  10*^ 

9.11 

X  10*' 

NITROUS  OXIDE  IN2O) 

5  X  10-5 

7.6  X  10*5 

4.0 

X  10*' 

XENON  |Xe| 

8.6  xIO*® 

3.90  X  10*5 

6.9 

X  10*2 

HYDROGEN  IH2I 

5  X  10-5 

3.48  X  10*6 

4.0 

X  10*' 

WATER  VAPOR 
(AVERAGE) 

0.1  -  1 

103  - 

10^ 

ONE  atm-cm,  STP,  IS  AN  AMOUNT  OF  GAS  EQUIVALENT  TO  A  COLUMN  1  cm 
IN  HEIGHT  AT  760  mm  PRESSURE  AND  0^  C. 


periods  of  severaJ  decades  have  been  adopted  for  various  latitudes  and  reported  in  the 
literature.''*  Figure  14  shows  the  temperature  altitude  profile  up  to  100  kilometers 
for  the  1).  S.  Standard  Model  Atmosphere,  1962. 

The  terrestrial  atmosphere  is  subdivided  into  five  shells-troposphere,  strato¬ 
sphere,  mesosphere,  thermosphere,  and  ionosphere.  The  lowest  shell  of  the  atmosphere 
in  which  temperature  decreases  with  altitude  at  an  approximate  rate  of  6.5°  C/km  or 
3.6°  F/kft  is  called  the  troposphere  (named  from  the  Greek  word  “tropos”  meaning 
turn).  This  is  the  mixing  layer  of  the  atmosphere.  The  atmosphere  is  mainly  heated  by 
convective  heat  transfer  from  the  ground.  At  the  tropopause,  there  is  no  further  de¬ 
crease  in  the  temperature  with  increasing  altitude.  The  altitude  of  the  tropopause  varies 
from  6  to  18  kilometers.  High  wind  speeds  and  the  highest  cirrus  clouds  dominate  at 
the  tropopause.  The  second  shell  is  called  the  stratosphere  because  there  is  stratification, 
or  layering,  without  rapid  mixing.  'Hiere  is  an  increase  in  temperature  with  increase  in 
altitude  until  there  is  no  further  increase  at  the  stratopause.  The  absorption  of  the  solar 
ultraviolet  radiation  by  ozone  produces  higher  temperatures  in  the  upper  strata  of  the 
stratosphere.  The  third  shell  is  called  the  mesosphere  (the  middle  sphere)  where  the 
temperature  decreases  with  increasing  altitude.  The  lapse  rate  is  approximately  half  of 
the  troposphere,  namely  3°  C/km.  The  mesopause  has  the  minimum  temperature  in  the 
terrestrial  atmosphere  which  is  about  -90°  C.  The  fourth  atmospheric  shell,  called  the 
thermosphere,  is  characterized  by  an  increase  in  temperature  with  an  increase  in  altitude. 
'Die  outermost  shell  called  the  ionosphere  contains  a  sufficiently  large  density  of  elec¬ 
trons  and  ionized  atomic  oxygen  and  nitrogen.  The  ionosphere  plays  a  major  role  in  the 
propagation  of  radio  waves  and  in  the  production  of  airglow  and  auroral  emissions.  The 
outermost  region  of  the  ionosphere  wherein  molecular  escape  from  the  earth  is  signifi¬ 
cant  is  called  the  exosphere.  The  height  of  the  exosphere  is  thought  to  be  about  1000 
kilometers. 

For  the  purpose  of  transmission  of  electromagnetic  radiation  through  the  at¬ 
mosphere,  it  is  a  fortunate  coincidence  of  nature  that  a  major  part  of  the  ultraviolet 
radiation  is  absorbed  by  ozone  in  the  stratosphere  and  that  the  major  constituents  of 
the  atmosphere,  the  molecules  of  nitrogen  and  oxygen,  are  transparent  to  the  visible 
and  must  of  the  near  infrared  radiation.  Near  the  earth's  surface,  the  principal  absorbers 
for  the  infrared  radiation  arc  water  vapor  (HjO)  and  carbon  dioxide  (COj).  Water  vapor 
is  highly  variable  in  concentration  in  the  atmosphere  because  the  humidity  of  air  fluctu¬ 
ates  widely  with  geographical  location,  season,  and  time.  Most  of  the  water  vapor  is  con¬ 
fined  to  the  troposphere. 


^^f/.  S.  Standard  Almospht’re,  t%2,  and  U.  S.  Standard  Atmosphere  Supplements,  1966,  II.  .S.  <Jov- 
emment  Printing  Office,  Waiihington,  P.  C.  20402. 
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DENSITY 


5.  Atmospheric  Attenuation  and  Emission.  The  interactions  between  electro¬ 
magnetic  radiation  and  matter  may  be  classified  cither  as  attenuation  (extinction)  or 
emission  of  radiation  by  matter.  If  there  is  a  net  increase  in  the  radiant  flux  along  the 
direction  of  propagation,  we  have  emission;  if  there  is  a  decrease  in  the  radiant  flux, 
we  have  attenuation.  Attenuation  of  electromagnetic  radiation  by  matter  is  caused  by 
atsorption  or  scattering  or  both.  Scattering  is  due  to  diffraction,  reflection,  refraction, 
or  a  combination  of  these  effects.  For  a  general  and  more  extensive  treatment,  the 
reader  should  consult  extensive  literature  on  this  subject.''^  n 

The  fundamental  law  of  attenuation  is  known  as  the  Lambert,  Beer,  or 
Bouger  law.  It  states  that  for  monochromatic  radiation  the  attenuation  process  is 
linearly  proportional  to  the  intensity  of  radiation  and  the  amount  of  attenuating  mat¬ 
ter  provided  that  the  physical  state  (i.e.  pressure,  temperature,  composition)  of  the 
matter  remains  constant.  There  are  some  cases  in  which  Lambert’s  law  does  not  apply; 
the  photon  density  required  for  nonlinear  effects  is  extremely  high,  such  as  in  high- 
power  lasers.  If  the  inter-molecular  distances  and  forces  are  fixed,  then  Lambert’s  law 
applies. 


If  the  spectral  intensity  I^  of  a  monochromatic  parallel  beam  of  radiation  is 
changed  by  an  amount  dlp^  due  to  attenuation  by  matter  after  traversing  a  length  dx  of 
the  optical  medium  along  the  direction  of  propagation,  then 

*X  <32) 

Similarly,  for  the  emission  process,  the  change  in  intensity  of  the  emitted  radiation 
corresponding  to  a  source  function  is  given  by 

‘UX“'*’“X  Jx  ***•  (33) 

The  constant  of  proportionality  is  called  the  attenuation  (extinction)  coefficient 
(per  unit  length).  If  the  attenuation  coefficient  o'  is  expressed  per  unit  mass,  equation 
(32)  will  be  written  as 


(34) 


‘'^K.  Ya.  Kondratyev,  Radiation  in  the  Atmotphere,  Academic  Press,  New  York  (1969). 

^4r.  M.  Goody,  Atmotpheric  Radiation,  Oxford  Univemity  Press,  London  (1964). 

7^ 

'^D.  Anding,  Band-Model  Method!  for  Computing  Atmospheric  Molecular  Absorption,  Report  No. 
7H2-21-T,  Willow  Run  Laboratories,  Tlie  University  of  Michigan,  Ann  Arbor,  Michigan  (1967). 
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where  p{\)  is  the  density  of  the  medium  at  the  point  of  consideration.  From  equation 
(32),  we  note  that  the  product  (a  dx)  is  dimensionless.  This  is  known  as  the  (differen¬ 
tial)  optical  path  or  optical  thickness, 


dT;^  =  aj^dx.  (35) 

For  a  general  interaction  between  radiation  and  matter  involving  both  attenuation  and 
emission,  from  equations  (32),  (33),  and  (35),  one  obtains  the  change  in  intensity, 


-dlx  =  l|*  dTx -Jx  dt'X*  (36) 

and  thus 

-(dVdrx)  =  Ix-Jx.  (37) 


Equation  (37)  is  the  general  equation  of  trattsfer;  the  left-hand  side  being  a  differential 
along  the  direction  of  propagation.  This  equation  is  used  to  solve  radiative,  heat-transfer 
problems. 


If  we  integrate  equations  (32)  and  (34)  for  a  homogeneous,  non-radiating 
medium  from  x  -  o  to  x  ~  X,  the  transmitted  intensity  Ix  is  given  by 


X 

-  J«xdx 


(38) 


or 


^X  =  ‘oXe*P  I  -  7  «XP(*>‘^’‘ 

where  I^x  is  the  incident  intensity  at  x  =  o. 


[A 


(39) 


The  transmittance  T  and  absorptance  A  of  the  medium  arc  defined  by  the 

relations: 


Tx  =  Ix/«oX. 

(40) 

Ax-l-Tx. 

(41) 

In  the  real  atmosphere,  the  attenuation  coefficient  muy  vary  from  point  to 
point  along  an  arbitrary  slant  optical  path.  However,  in  a  stable  atmosphere  under 


specified  representative  conditions,  one  can  deHne  average  atmospheric  parameters  and, 
hence,  the  average  attenuation  coefficient  at  various  layers  above  the  point  of  observa¬ 
tion.  Various  atmospheric  models  have  been  proposed  with  increasing  accuracy  as  bet¬ 
ter  observational  data  are  obtained.''^  The  total  atmospheric  transmittance 

for  j  layers  of  a  particular  model  atmosphere  can  be  computed  from  equations  ^38)  and 

(39): 


T\  =  exp(-I  orxj  Axj  1  .  (42) 

For  a  homogeneous  optical  path  of  length  R  having  an  rttenuation  coefficient  or^  for 
monochromatic  radiation  of  wavelength  X,  the  atmospheric  Uansmittance  is  given  by 

Tx  =  I  -  «X  1  •  ('*•2') 

In  general,  the  attenuation  coefficient  is  the  sum  of  an  absorption  coefficient  and 
a  scattering  coefficient  o^: 

otx  =  kx  +  ax .  (43) 

The  terrestrial  atmosphere  is  composed  of  gaseous  molecules  and  aerosols, 
llie  total  atmospheric  attenuation  coefficient  Ox  is  the  sum  of  absorption  and  scatter¬ 
ing  coefficients  for  molecules  and  aerosuts;  thus 

«X  ^  ‘‘n.X  +®inX  ■^'‘aX  ^  ®aX-  (44) 

where  the  subscripts  m  and  a  indicate  molecule  and  aerosol  respectively.  Each  of  these 
coefficients  is  w  ivele.igth  dependent. 

The  optical  transmittance  per  unit  distance  of  a  medium  T  «  sometimes  ex¬ 
pressed  in  terms  of  the  optical  density  or  opacity  of  the  medium  using  the  relations: 


S,  Standard  Atn-  Jtphere,  1962,  and  U,  S,  Standard  Atmoiphi'rp  Supplement!,  I9f>6,  1.'.  S  Gov- 
•■mment  Printing  Offirc,  Washington,  1).  C.  20402. 

Eltcrman  Vertical  Attenuatinn  Model  with  tUght  Surface  Meteorological  iianges  2  to  13  Kilom- 
eurs,  AFCBL-70-0200,  Environ.  Kcs.  Pa|n'r  No.  .318,  II.  .S.  Aii  E«iri'c  (jinihridge  Ui-st^arch  Labora¬ 
tories,  itedford,  Massachusetts  (1970), 

A,  Mcwlatch^y,  R.  W.  Fenn,  J.  E.  A.  .Selby.  K.  W.  VoU,  and  J.  S.  Garing,  Optical  I’roperlies  of 
the  Atmosphere  (Revised),  AFt'.RL-7 1-0279,  Environ.  Res.  Paper  No.  Air  Force  Cambridge 
Research  Laboratories,  Kedfnrd,  MassachusetU  (1971). 
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Density, 

=  logio  ('*')  '  ’ 

(45) 

Opacity, 

0  -  r' , 

(46) 

or 

D=  log,oO, 

(47) 

O  =  10“ 

(48) 

thus 

T  =  10*“  . 

(49) 

The  attenuation  coefficient  a  may  he  written  in  terms  of  the  optical  density  D.  Re¬ 
membering  that  the  atmospheric  tra'ismittaiice  for  a  unit  optical  path  length  from 
conation  (42a)  is  given  by 

T,  =  c"“'  (50) 

and  a  comparison  of  equations  (49)  and  (50)  ^ves 

-  10^  ,  (51) 


and 

«  -•  1)  Cn  10, 

(52) 

or 

a  =  2.3025851  x  1). 

(53) 

The  attenuation  coefficient  a  can  also 
using  the  relation; 

expressed  in  lerm.-i  of  decibels  (dh) 

10  log,  0  |l„/l  1  =  dh  . 

(54) 

or 

10  log,  0  D  =  <lli . 

(55) 

Therefon-, 

10  1)  =  dh. 

(56) 

thus 

1)  ^  0.1  dh. 

(57) 

Comparison  of  (-(itiutions  (55)  and  (  ‘D  gives 

o  =  (!.2m5Hr.l  dh,  (.5H) 
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or  att(!nuatioii  loss  in 


dh/km  =  4.3367936  tt  (km' ‘).  (58a) 

A  comparison  of  equations  (49)  and  (57)  gives  (he  ndatioii  between  transmittance  T 
and  the  signal  loss  in  db  per  unit  distance: 

T  =  lO-*"***  (59) 

6.  Outdoor,  Horizontal,  Long-Path  Atmospheric  Transmittance.  Due  ti>  the  un¬ 
steadiness  of  the  real  atmospheric  optical  environment,  it  is  rather  difficult  to  make  suc¬ 
cessful  and  reliable  measurements  oi  atmospheric  spectral  transmittance.  In  a  relatively 
clear  and  stable  atmospheric  optical  environment,  the  atmospheric  turbulence  may  intro¬ 
duce  small-scale  variations  in  atmospheric  transmittance.  However,  over  long,  outdoor, 
horizontal,  optical  paths  involving  haze,  fug,  and  large  concentrations  of  smoke  and  dust 
aerosols,  large-scale  fluctuations  in  atmosplieric  transmittance  arc  added  due  to  space 
and  time  variations  in  the  optical  thickness  of  the  medium  caused  by  rapid  movements 
of  haze,  fug,  or  dust  banks  in  the  optical  path.  In  order  to  make  reliable  atmospheric 
optical  measurements,  the  following  parameters  should  be  measured  at  as  many  locations 
as  practical  along  the  optical  path: 

(a)  Atmospheric  spectral  transmittance. 

(b)  Geometry  of  the  optical  path  with  respect  to  the  surface  terrain  and  the 
surroundings. 

(c)  Ambient  air  temperature  at  a  number  of  altitudes  below,  at,  and  above 
the  optical  path. 

(d)  Atmospheric  pressure  at  a  number  of  relevant  locations. 

(e)  Relative  humidity  at  a  number  of  altitudes. 

(f)  Number  and  size  distributions  of  atmo.«pheric  aerosols  at  a  number  of 
relevant  points. 

(g)  Concentration  of  any  abnormal  atmospheric  constituents  in  the  optical 
path  such  as  smoke,  dust,  exhaust  fumes,  and  chemical  cffluenLs. 

(h)  Measurement  of  refraeiive  indices  of  all  types  of  aerosols  encountered 
in  the  optical  path. 
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(i)  CiiPinical  analysis  of  any  abnormal  gases  in  the  optical  path. 

Due  to  the  enormity  of  this  task,  it  is  no  wonder  that  just  a  few  teams  of 
workers  have  been  successful  in  making  atmospheric  transmittance  measurements 
throughout  the  world.  There  is  still  an  acute  shortage*of  measurement  data  on  the  spec* 
tral  transmission  through  heavy  haze,  fog,  dust,  and  smoke  environment.  A  srd  of  spec- 
troradiometers  with  large  input  apertures  and  optimized  cooled  sensitive  detectors  to 
measure  the  entire  spectrum  simultaneously  (such  as  Fourier  spictroradiometers)  would 
be  an  ideal  instrument  system  for  atmospheric  transmittance  measurements. 

A  summary  of  the  major,  outdoor,  horizontal,  long-path  atmospheric  spectral 
transmittance  measurements  is  presented  in  Table  IX.  Gebbie  et  at.  made  their  measure¬ 
ments  about  30  meters  above  the  sea  surface  on  the  cast  coast  of  Scotland  over  optical 
path  lengths  of  2  and  4  kilometers.'”  Rock  salt  and  lithium  fluoride  prisms  were  used 
in  the  spectrograph.  The  detector  was  a  vacuum  thermocouple.  Most  of  their  measure¬ 
ments  were  made  under  clear  and  stable  atmospheric  environments. 

From  19S2  to  I95S,  the  French  lns<Hute  of  Optics  gr^'up  lead  by  Amulf 
made  atmospheric  transmission  measurements  near  the  sea  at  SL.  In^evcrt  and  near  the 
Paris  airport  through  haze  and  fog.  Unfortunately,  their  haze  spectra  still  remain  unpub¬ 
lished  in  1972,  but  they  did  publish  their  fog-transmission  spt^ctra.”**  They  used  ranges 
of  50, 100, 200, 600,  and  1200  meters  to  measure  transmission  of  quite-dense  optical 
patlis  involving  haze  and  various  types  of  fogs.  They  measured  fug  droplet  size  and  num¬ 
ber  spectra  and  calculated  spectral  transmittance  using  Mic  theory  calculations.  Tlie 
aerosol  spectra  measurements  and  spectral  tran.'^niittance  measurements  both  had  a  num¬ 
ber  of  stated  errors  mainly  due  to  the  method  of  collection  of  aerosols  and  inhomogen¬ 
eity  of  fog  layers. 

The  spectral  transmission  measurements  by  the  Naval  Research  Laboratory 
group  of  Taylor  and  Yates  were  made  at  three  sea  level  ranges  of  0.3,  5.5,  and  16.25 
kilometers  under  good  visibility  and  stable  atmospheric  environmental  conditions.*' 
Yates  and  Taylor  also  made  atmospheric  transmisaon  measurements  at  an  altitude  of 
about  3  kilometers  above  sea  level  through  a  horizontal  optical  path  length  of  27.7  km 

‘  A.  Gebbir,  W.  R.  Harding,  (].  Milsum,  A.  Pryce,  and  V.  RubrrtK,  “Atmospherir  TransmisBion  in 
the  1  to  14  Micron  Region,” /Voc.  Roy.  Soc.  A  206,  87  (19.51). 

^A.  Amulf,  J.  Bricard,  K.  (iurv,  and  C.  Veret.  "Transmission  by  llaae  and  Fog  in  the  .Sp<^ctral  Region 
0.33  to  10  Microns,”/.  Opt.  Soc.  Amcr.  47,  491  (19.57), 

!1.  Taylor  and  11.  W.  Yates,  "Atmospheric  Transmission  in  the  Infrared,"/.  Opt.  Soc.  Amer.  47, 
223  (19.57). 


Table  IX.  Major  Horizontal  Long-Path  Atmospheric  Transmittance  Measurements 


WAVELENGTH 

OPTICAL  PATH 

REFERENCE 

1  TO  14  |im 

2.07,  4.09  km 

CLEAR,  STABLE 

ttIBIE  It  al.  *** 

IIH1I 

50  TO  1200  ffl 

HAZE,  F06, 
VARIABLE 

ItMULF  at  al. 

IIBS7I 

B 

0.3.  5.5.16.25  km 

27.7  km 

CLEAR,  LIGHT  HAZE 

••  »  ,, 

BQiULlCnifl 

0.56  TO  10.7  |im 

25  km 

CLEAR,  LIGHT  HAZE 

STBEITE 

|1»l| 

B 

1.3,  2.6  km 

HAZE 

FIIIFPOV  It  al. 

11911) 

0.63  |im  LASER 

3.5  |iin  LASER 
10.6  III"  l^SER 

2.6  km 

NAZE,  RAIN.  SNOW 

CHU  t  H06C 

null 

(t)  II.  A.  Oebbie.  W.  R.  Harding.  C.  HiUum,  A.  Price,  and  V.  Roberta,  "Atmoapheric  Tranemiwion  in  Ihr  I  to  14 
Micron  Region,''  Proe.  Hay,  Society  A2C6, 87  (1951). 

ArwJf,  J.  Bricard,  E.  Cure,  and  C.  Veret,  “Tnnaniaaion  by  Haze  and  Fog  in  Uie  Spectral  Region  0.35  to 
lOMirrona,";.  Opl.Soc.  dmer.  47,  491  (1957).  »  a  . 

(e)  J.  H.  Taylor  and  H.  W.  Yalea,  “Atmoapheric  Tranamiaaion  in  the  Infrared,"  7.  Opt.  Soc.  Amtr.  47,  223(1957). 

(d)  H.  W.  Yaleaand  J.  H.  Taylor,  In/nred  TratumUsioo  ./the  Atmoephere,  NRL  Report  5453,  U,  S.  Naval  Re- 

aearch  Laboratory,  Waihington.  D.  C.(I960). 

Meaaurementa  of  Atmoapheric  Tranamiaaion  at  Sea  Level,"  J,  Opu  Soc.  Aner.  7,  1545 

(0  V.  L.  F^ppor,  L.  M.  Artem'yeva  and  S.  O.  Mirumyanta,  "Spectral  Attenuation  of  Infrared  Radiation  in  Winter 
?ff /*■  Actdemy  of  Scifncf,  U.S.S.R.,  Atmospheric  and  Oceanic  Phyacs  ff'ngtish  TransiationJ  5, 

5  J  1(1  709)< 

(g)  V,  L.  flll^*  znd  S.  O.  Mirumyanta,  “The  ,Spectral  Tranaparency  of  the  Atmoapheric  Boundary  1  jyer  to 
Infrared  Ratohon,  laveaiya,  Academy  of  Science,  U,SJi.R..  Atmoapheric  and  Oceanic  Phyeice  (Fnatidi  Tiuna- 
ladon)  5,742(1969). 

(h)  T.  S.  Chu  and  D.  C.  Hogg,  “Fffecta  of  Precipitation  un  Propagation  at  0.63,  3.5,  and  10.6  Microna,"  The  Hell 
Syelem  Teehnkaljounul,  722(1968). 
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between  two  mountain  peaks-Mauna  Loa  and  Mauna  Kea  in  Hawaii.*^  The  transmis¬ 
sion  spectra  covering  the  spectral  range  0.5  to  15  pm  were  recorded  through  a  variety 
of  amounts  of  precipitable  water  vapor  0.11  to  38  cm  in  the  optical  path. 

Streets  made  the  atmospheric  transmission  measurements  through  a  25-kin- 
long  optical  path  about  10  meters  above  the  Atlantic  Ocean  water  surface  at  Cape  Ken¬ 
nedy,  Florida.'^  He  used  an  NaCl  prism  spectroradiometer  with  a  thermocouple  de¬ 
tector  to  study  transmission  of  radiation  in  the  0.56  to  10.7  pm  range  from  six  carbon 
arc  searchlights,  each  with  a  150-cm-diameter  aperture.  His  measurements  covered  a 
precipitable  water  vapor  range  from  21.5  cm  to  43.3  cm  in  the  25-km  optical  path. 

Hie  Russian  work  performed  over  a  period  of  several  months  during  1967-68 
and  reported  by  Filippov  el  al.  contains  atmospheric  transmittance  spectra  from  0.59 
pm  to  12  pm  recorded  at  the  Zvenigorod  Scientific  Station  of  the  Institute  of  Atmo¬ 
spheric  Physics,  Moscow.*^  ”  The  measurements  were  conducted  on  a  1300-m  hori¬ 
zontal,  optical  path  under  typical  Moscow  winter  and  summer  environments  involving 
clear,  haze,  haze  mixed  with  snow,  and  dense  haze  conditions  corresponding  to  meteoro¬ 
logical  visible  ranges  of  1.5  km  to  20  km.  The  precipitable  water-vapor  content  of  the 
optical  path  ranged  from  0.047  cm  to  3.5  cm. 

The  measurements  made  at  the  Bell  System  Laboratory,  Holmdel,  New  Jer¬ 
sey,  and  reported  by  Chu  and  Hogg  were  made  with  very  narrow  band  coherent  radia¬ 
tion  sources;  namely,  an  He-Ne  laser  operating  at  0.63  pm,  an  He-Xc  laser  operating  at 
3.5  pm,  and  a  CO]  laser  operating  at  10.6  pm.*^  The  optical  path,  2.6  km  in  length, 
passed  over  a  terrain  containing  grassy  and  plant  nursery  land  partially  planted  and 
plowed  with  a  few  asphalt  and  dirt  roadways.  Atmospheric  transmittance  through  haze, 
light  fog,  rain,  and  snow  was  studied  at  the  three  wavelengths.  Chu  and  Hogg  concluded 


®^H.  W.  Yates  and  J.  H.  Taylor,  Infrared  Tmmmmion  of  the  Atmoiphere,  NRl,  Report  5453,  U.  S, 
Naval  Research  Laboratory,  Washington,  D.  ('..  (I960). 

QQ 

*”J.  L.  Streele,  “Infrared  Measurements  of  Atmospheric  Transmission  at  Sea  Level,”/.  Opt.  Sac.  Amor. 
7, 1545(1958). 

®^V.  L.  Filippov,  L.  M.  Artem'yeva,  and  S.  O.  Mirumyants,  "Spectral  Attenuation  of  Infrared  Radia¬ 
tion  in  Winter  Haze,”  Izvestiya,  Academy  of  Sciciiee,  0..S.S.R.,  Atmospheric  and  Oceanic  I'hyiiics 
(Englith  Transiation)  S,  521  (1969). 

L.  Filippov  and  S.  O,  Mirumyants,  “The  Spectral  Transparency  of  the  Atmospheric  Roundary 
Layer  to  Infrared  Radiation,”  Izvestiya,  Academy  of  .Science,  U,S..S.R,,  Atmospheric  and  Oceanic 
Physics  (En^ish  Translation)  5,  742(1969). 

®^.S.Chu  and  n.C.  Hogg,  “Effects  of  Precipitation  on  Propagation  at  O.fi.'l,  3,5,  and  10.6  Microns,” 
The  Bell  System  Tech.  Jour.  722  (1968). 
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that  the  attenuation  due  to  haze  (called  light  fog  by  them)  was  up  to  one  order  of  mag¬ 
nitude  less  at  10.6  /xm  compared  to  that  at  0.63  ^im;  attenuation  due  to  fug  at  10.6  >xm 
exceeded  40  dh  per  km  (Transmittance,  T  =  10'*  per  km).  The  attenuation  in  rain  at 
0.63  fjm  is  I<‘s.s  than  20  db  per  km  (Transmission,  T  =  10'^  per  km).  For  the  sake  of 
convenience  of  the  reader  and  for  comparison,  some  of  the  major  worldwide  atmuspher 
ic  transmittance  measurements  are  presented  here. 

Figure  15  shows  a  sea-level  spectrum  of  solar  radiant  incidance  (irradiance) 
with  spectra  of  the  “infrared  active”  atmospheric  gases  recorded  individually  in  the 
laboratory.  The  intensities  of  the  spectral  lines  for  individual  ^ses  arc  approximately 
relative  to  the  concentration  of  each  gas  in  the  vertical  atmospheric  path.  This  Figure 
is  based  on  the  work  performed  at  Ohio  State  University  Carbon  monoxide  (CO) 
has  only  a  fairly  weak  absorption  band  at  about  4.8  /urn.  Methane  (CH4 )  has  two  ab¬ 
sorption  bands  at  3.2  pm  and  7.8  pm.  Nitrous  Oxide  (NjO)  has  two  strong  absorption 
bands  at  4.7  pm  and  7.8  pm;  the  latter  almost  coincides  with  the  absorption  band  of 
methane.  Ozone  (O3 )  has  a  strong  absorption  band  at  9.6  pm  and  unotiutr  ut  14  pm. 
Carbon  dioxide  (COj)  has  three  very  strong  absorption  bands  centered  at  2.7,  4.3,  and 
15  pm.  IlDO,  the  rare  isotopic  form  of  water,  which  has  an  abundance  of  1/3355  in 
II 3O,  has  a  very  conspicuous  absorption  band  at  3.67  pm  and  another  ut  7. 13  pm; 
whereas,  the  important  absorption  bands  of  water  vapor  (11 2  0)  are  centered  ut  1.14, 
1..38,  1.88.  2.7,  .3.2,  and  6.3  pm. 

Figure  16  presents  an  atmospheric  transmission  spectrum  bused  upon  the 
measurements  of  Gebbie  ef  a/.*^  I'he  [irecipitable  water  vapor  in  the  path  was  1 .7  cm. 
The  average  transmittance  in  the  3-4  pm  bund  is  about  0.90  compared  to  about  0.75 
in  the  8-12  pm  band. 

Figun^s  I  Tu  through  (‘  present  atmospheric  transmission  spectra  through  fog 
at  various  stages  of  evolution  and  stability.  These  spectra  are  bused  upon  the  work  of 
Arnulf  e/a/.*’  To  our  knowledge;,  this  is  the  only  outdoor  work  evi-r  mported  in  the 
worldwide  literature  for  tin;  .spectral  transmittance  of  fog.  Th«;re  were  a  number  of 
sources  of  probable;  e;rror  anel  inueuairacy  in  this  work  us  stateel  by  the'  authors.  The 
nceid  for  mein;  work  with  impreive'd  instrumentutiem  in  eirder  tei  obtain  belter  accuracy 
and  re;liahility  is  obvious. 

N.  Howard,  "Thr  Tniiisniissioii  of  the  Alinosjilu're-  in  llic  liifrurcd,’*/Vf>i'.  //{F.  (7,  Id.*)!  (I').W). 

***^11.  ,'\.  (Irbl)ii',  W.  It.  Ilurdiiig,  llilsiim,  A.  I’ryci',  and  V.  KobrrtH,  “Atinc)H|)lM'rii  Trunsmissioii  in 
tlic  1  In  14  Micron  lli'jrioti," /Vofi.  /toy.  S<w.  .4  206,  fl7  (l'>.')l). 

.Arnulf,  ,|.  liricard,  K.  (iurc,  and  C.  Vcrrl,  "'I'ruiisniission  l»y  Hu/.c  und  I'np  in  tbc  .S|i('ctrul  Iti'gion 
O,.'!.')  to  10  Microns," 7.  (ffil,  ,S'or.  twicr.  ■/",  401  (lO.'i"). 


TRANSMITTANCE 


Fig.  17a.  Atmospheric  transmittance  spectra  for  selective  fogs  as  measured  by  Arnutf 
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Fig.  17c.  Atmospheric  transmittance  spectra  for  stable  fogs,  Typt;  1,  as  measured  by 
Amulf  et  al. 
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Fig.  17(1.  Atmospheric  trutinmittiiricc  spectra  for  stabh;  fogs,  Type  2,  us  mi^asured  by 
Amu  If  et  al. 
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Figures  18  and  19  present  atmospheric  Irunsniittance  spectra  bused  upon  the 
work  of  Taylor  and  Yates  who  used  optical  ranges  of  0.3,  5..5,  16.2,  and  27.7  kin  with 
the  precipitable  water  vapor  r  ontent  of  0.1 1,  I  37,  .5.2,  and  20  ein  respectively.  Their 
work  has  tlie  best  accuracy,  reliability,  and  spectral  resolution  (VAX  =  300),  but  most 
of  this  study  was  limited  to  clear  and  stable  atmospheric  conditions.^ 

Figure  20  contains  atmospheric  transmittance  spectra  recorded  on  a  25-kin 
optical  path  by  Streetc  for  various  amounts  of  precipitable  water  vapor  ranging  from 
215  cm  to  43.3  cin.'^  In  this  study,  the  optical  path  was  over  the  Atlantic  Ocean  at 
varying  heights  above  the  water  surface  with  occasional  sprays  of  mist  tossed  up  into 
the  optical  path  by  ocean  waves.  Streete  used  Fowle’s  spectroscopic  method  to  com¬ 
pute  the  amount  of  precipitable  water  instead  of  using  values  of  temperature  and  rela¬ 
tive  humidity  at  a  number  of  points  along  the  optical  path.^-^  The  IlDO  ahsorptioi’ 
band  at  3.67  /im  in  the  Yates  and  Taylor  data  was  used  to  determine  the  relation  be¬ 
tween  transmittance  and  precipitable  water  vapor.  This  method  assumes  that  the  at¬ 
mospheric  optical  environments  under  which  the  two  measurements  of  Taylor- Yates 
and  Streete  were  conducted  were  identical.  This  procedure  may  have  introduced  a 
considerable  inaccuracy  in  the  determination  of  the  precipitable  water  vapor  content 
of  the  optical  path.  McCoy  has  also  analyzed  this  problem  and  has  come  to  the  same 
conclusion.®^ 

Figures  21  and  22  present  ten  atmospheric  transmittance  spectra  recorded  by 
Filippov  and  Mirumyants  for  various  amounts  of  precipitable  water  vapor  ranging  from 
0.105  cm  to  3.5  cm  on  1,3  km  or  2.6  km  long  optica)  paths  ncp.  ,  tow.’®  Figure  23 
sliows  the  spectral  variation  of  attenuation  coefficients  in  the  0.09  MUi  to  12  pm  range 


^J.  It.  Taylor  and  II.  W.  Yal ■  “Atmaspheric  Transmiasion  in  the  Infrared,"/.  Opt.  Soc,  Amer,  47, 
223(1957). 

i  H.  W.  Yates  and  J.  II.  Taylor.  Infrared  Trammiiiion  of  the  Atmoiphere,  NHL  Report  5453,  U.  S. 

I  Naval  Research  Laboratory,  Washington,  I).  C.  (1960). 

!  L.  Streets,  “Infrared  Measurement,  of  Atmospheric  Traiumissiun  at  Sea  Level,"/.  Opt,  Soc,  Amer, 

I  7,1545(1958). 

y 

I  L.  Fowle,  "The  Spectroscopic  Determination  of  Aqueous  Vapor,"  The  Astrophyrical  Journal,  35, 

I  149  (1912),  also  "The  Determination  of  Aqueous  Vapor  above  Mount  Wilson,”  The  .Astrophy.  Jour. 

I  37,  .367(1913). 

i  H.  McCoy,  Atmospheric  Absorption  of  Carbon  Oioxide  Laser  liadiation  ISear  Ten  Microns,  Tech- 

nical  Report  2476-2,  The  Ohio  Slate  Universily,  Oilumhiib,  Ohio  ( 1 9f>8). 

'  ^■"’V.  L.  Filippov  and  S.  O.  Miiumyanls,  "The  Speelral  Transparency  of  the  Atmospheric  Koundary 

l.ayer  to  Infrared  Radiation,"  Izvestiya,  Academy  of  Science,  U.S.S.R .,  Atmospheric  and  Orennie 
Physics  (English  Iran  nlation}  5,742(1969). 
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'ig.  18.  Atmospheric  transmittance  spectra  recorded  by  Taylor  and  Ya 
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Atmospheric  transmittance  spectra  for  vsffious  amounts  of  predpitable  water  vapor  in  25  km  optical 
i)  21.5  cm,  (B)  25.4  cm,  (C)  36.2  cm,  (D)  43.3  cm,  and  (E)  26.7  cm,  recorded  by  Streete. 
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Fig.  21 .  Almo.sphcric  lran.smil(ati(;<'  spectra  for  various  amounts  of  prcM  ipital)l(’  water 
vapor;  (A)  O.IO.'j  (;m.  (U)  0.27  cm.  (f))  erii.  (I))  l.05ctn.  atui  (F.)  ().7H  cm, 
nuionled  by  Filippov  cl  al. 
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Pig.  23.  Spectral  attenuation  cuefficients  for  winter  haze  in  the  0..59  to  .5.0  pm  and 
0.,59  to  12.0  pm  regions  reported  by  Filippov  et  al. 


for  winter  haze  measurements  made  by  Filippov  et  al.'**’  Tliey  have  r>ot  published  atmo¬ 
spheric  transmittance  for  thick  haze  or  light  fog  conditions. 


Finally,  the  comparative  studies  of  the  effects  of  haze,  rain,  and  snow  on  the 
propagation  of  laser  radiation  at  0.63,  3.5,  and  10.6  pm  as  reported  by  Chu  and  Hogg 
are  presented  in  Figs.  24,  25,  and  26.*^  Figure  24  shows  that  in  evolving  haze  and  light 
fog,  with  changing  number  and  size  of  aerosols,  the  transmittance  of  10.6  pm  radiation 
is  much  better  than  that  of  3.3  pm  and  0.63  pm  radiation.  In  the  earlier  stage  of  haze 
development,  the  transmission,  per  kilometer,  of  0.63  and  3..5  pm  radiation  was  about 
0.03  whereas  that  of  10.6  pm  was  0.63.  Later  rni,  when  the  haze  became  thick  and  the 
transmittance  of  the  0.63  pm  radiation  fell  down  by  two  orders  of  magnitude,  there 
was  no  appreciable  change  in  the  transmittance  of  the  10.6  pm  and  3.5  pm  radiation. 
Here,  the  conclusion  is  that  small  changes  in  the  aerosol  size  can  drastically  affect  wave¬ 
length  dependence  of  transmission.  Figure  25  sh;>ws  the  variation  in  transmittance  with 
variable  rainfall  in  the  optical  path.  Here,  the  spectral  transmittance  is  reversed  with  re¬ 
spect  to  that  in  haze  or  light  fog.  For  rain,  the  transmission  is  the  highest  for  0.63  pm, 
is  lower  for  3.5  pm,  and  is  the  lowest  for  the  10.6  pm  radiation.  Figure  26  shows  the 
variation  of  atmospheric  transmittance  with  variable  amounts  of  light  snow  in  the  opti¬ 
cal  path  for  the  three  laser  wavelengths.  The  attenuation  of  10.6  pm  radiation  appears 
to  be  larger  than  that  of  the  other  two  wavelengths  which  appear  to  be  equally 
attenuated. 

Based  upon  outdoor,  long-path,  atmospheric  spectral  attenuation  measure¬ 
ments,  Knestrick,  Cosden,  and  Curcio  have  computed  atmospheric  scattering  coeffi¬ 
cients  in  10  narrow  wavelength  bands  between  0.4  micrometer  and  2.3  micrometers.’* 
The  wavelength  bands  were  chosen  so  as  to  avoid  atmospheric  molecular  absorption 
and  were  isolated  by  interference  filters.  Curcio,  Drummeter,  and  Knestrick  have  made 
high -resolution  (AX  =  0.2A)  spectral  ab.sorption  measurements  from  5400  A  to  8520  .\ 
over  a  sea  level,  16.25-km-long,  horizontal,  optical  path  over  water.” 


L.  Filippov,  L.  M.  Artem  yeva,  and  S.  ().  Mirumyants,  “.Spectral  Attenuation  of  Infrared  Kadia- 
tion  In  Winter  Ma*e,”  lavestiya.  Academy  of  .Science,  U..S..S.R.,  Atmospheric  and  Oceanic  Physio. 
(Engluh  rnndation)  5,  .TJI  (l<i69). 

S.  Chu  and  I).  C.  Hogg,  ‘‘Kfferls  of  Precipitation  on  Propaption  at  O.h.'I,  3.5,  and  10.6  Microns,” 
The  Hell  System  Tech.  Jour.  7  t2  ( I96B). 

no 

G.  L.  Knestrick,  T.  H.  Corden,  and  J.  A.  Curcio,  "Atmospheric  .Scattering  Coefficients  in  the  Visible 
and  Infrared  Regions,”/.  Opt.  StK.  Am.  52,  1010  (1962). 

(Ki 

J.  A.  Curcio,  L.  1.  Drummeter,  and  G.  L.  Knestrick,  “An  Atlas  of  the  Absorption  .Spectrum  of  the 
Lower  Atmosphere  from  5400  A  toH.520  App.  Opt.  3,  1401  (1964). 
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Fig.  25.  Transmittance  of  0.63  A<ni,  3.5  jum,  and  10.6  /im  laser  radiation  through  variable 
rain  in  2.6  km  optical  path  as  measured  by  Chu  and  Hogg. 


6.5 


Attenuation  of  visible  and  infrared  laser  radiation  by  clouds  was  studied  by 
Sanders  and  Selby  using  five  continuouB>wave  lasers  operating  et  wavelengths  of  0.63, 
1.15,  3.39  /am,  (Helium-Neon),  10.6  Mm  (COj  -  N,  -  Ne),  and  337  Mm  (CN  radical).'®® 
The  meteorological  optical  ranges  (visibilities)  varied  from  40  meters  to  200  meters  dur¬ 
ing  the  measurement  period.  They  concluded  that  during  these  conditions  there  were 
no  sipiificant  differences  in  cloud  attenuation  at  0.63, 1.15,  and  3.39  Mm;  however, 
the  attenuation  at  10.6  Mm  averaged  about  half  that  at  0.63  Mm  when  cloud  density 
was  not  too  high.  The  scattering  loss  at  337  Mm  in  clouds  is  small  in  comparison  with 
molecular  absorption  by  water  vapor. 

Precipitable  Water  Vapors  The  precipitable  water  vapor  in  the  optical  path  is 
the  amount  of  water  that  would  be  obtained  if  all  the  water  vapor  contained  in  a  cylin¬ 
der  of  unit  area  cross  section  extending  along  the  entire  optical  path  is  precipitated.  The 
height  of  this  column  of  precipitable  water  vapor  w,  measured  in  centimeters,  can  be  ob¬ 
tained  by  the  following  relations; 


w(prcmHiO)=  | 

p  b. 

(60) 

or 

w(prcmH,0)= 

(RH)P,  b, 

(61) 

since 

RH  =  p/p, , 

(62) 

or 

w(prcm  11,0)=  p(T)(RH)L 

(62u) 

M'here  T  is  the  air  temperature  in  the  optical  path,  expressed  in  degrees  Kelvin,  RH  is 
the  fractional  relative  humidity,  p  and  p^  arc  rcspeclivciy  the  partial  and  saturated  pres¬ 
sures  of  water  vapor  at  the  temperature  of  measurement,  in  turr  (mm  llg),  m(T)  is  the 
water  vapor  density  at  tho  ambient  temperature  T,  and  I.  is  the  optical  path  length  ex¬ 
pressed  in  meters.  The  saturated  water  vapor  pressure  and  density  arc  given  in  tables 
published  in  several  handbooks  (such  as  I)-I06und  K-l  I,  CRC  Handbook,  1966).'°' 

From  equation  (60),  one  should  note  that  the  amount  of  water  vapor  in  the  optical 
path  is  a  function  of  the  temperature  and  the  partial  pressure  of  the  water  vapor.  It 
should  be  emphasiet'd  that  the  atmospheric  Iransmitlanee  is  not  a  unique  function  of 

.Sunders  and  J.  K.  A.  .Selliy ,  romparatiee  Meanun’menl*  of  the  Atlmuation  of  Vixible  and  Infra¬ 
red  Ijoner  Radiation  in  Cloud,  Keport  DMP  ■tt.'il ,  l''MI  l''ll•l'lrollies  l.iiniled,  iluyes,  Middlesex, 
Kngland  (l%H). 

Handbook  of  Chemistry  and  Rhy»ie»,  The  Chemical  Rubber  Co.,  Cleveland,  Ohio  (1966);  also 
.SmitA.«onian  Meteornlofdeal  Tables,  Ity  R.  J.  l.ist,  .Smithsonian  Institution,  Washington,  D.  ('.,  (1968). 
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prccipitable  water  vapor  in  the  optical  path,  but  it  is  dependent  upon  the  partial  pres¬ 
sure  of  the  water  vapor,  the  total  pressure,  and  the  temperature  of  the  medium. 

7.  Laboratory  Studies  of  the  Attenuation  of  Radiation  by  Atmospheric  Gases. 
Since  outdoor  studies  of  atmospheric  transmission  cannot  he  conducted  under  con¬ 
trolled  atmospheric  environments,  the  alternate  approach  to  study  the  properties  of 
gaseous  attenuation  is  to  measure  optical  properties  of  individual  atmospheric  gases  in 
the  laboratory  under  controlled  conditions.  Multiple-path  cells  are  used  to  study  opti¬ 
cal  properties  of  gases.  These  ceils  are  designed  to  study  the  spectral  absorption  of  radi¬ 
ation  by  individual  gases  at  various  partial  pressures,  temperatures,  and  total  pressures. 

A  synthetic  atmosphere  is  created  by  introducing  a  known  amount  of  absorbing  gas  in¬ 
to  the  evacuated  cell  along  with  an  infrared  transparent  gas  such  as  nitrogen  to  create 
the  desired  total  pressure  in  the  cell.  The  variations  in  partial  pressure  of  the  absorber 
and  the  total  pressure  in  the  cell  enable  the  simulation  of  atmospheric  optical  environ¬ 
ments  corresponding  to  those  existing  at  various  altitudes  in  planetary  atmospheres. 

The  most  notable  laboratory  studies  of  attenuation  by  atmospheric  gases 
have  been  reported  by  Howard,  Burch,  and  Williams;*®*  and  Burch  et  a/,,*®*  Gryvnak 
and  Shaw,'®^  Shaw,*®*  and  Rensch*®*  of  Ohio  State  University;  Palmer  of  Johns  Hop¬ 
kins  University;*®''  Tidwell,  Plyler,  and  Benedict  of  the  National  Bureau  of  Standards;*®* 
Burch  and  Gryvnak,  of  the  Aeronutronic  Division,  Philco-Ford  Corporation;'®®  and 
Zuev  of  Tomask  University."® 

N,  Howard,  t).  E.  Burch,  and  D.  Williams,  "Nuor-infrared  Transmission  Through  Synthetic  Atmo¬ 
spheres,”/.  Opt.  Soc.  Am.  46,  186, 2.'I7, 24.9, 334, 452  (1956). 

E,  Burch,  E.  B.  Singleton,  W,  L,  France,  and  D.  Williams,  “Infrared  Absorption  by  Minor  Atmo¬ 
spheric  Constituents,"  Final  Report,  C-AF|9(604)-2633(l900)l  also  .Scl.  ReporU  1  (1960)  and  Scl. 
Report  2  (1961)  Ohio  .State  University,  Columbus,  Ohio;  AFCRL  Rept.-62-698  (1962);  Applied 
Optics,  I,  359, 473,  587,  759  ( 1 962),  2,  585  (1963)  and  3,  .55  (1 964). 

**^'^1).  A.  Gryvnak  and  J.  11.  Shaw,  Sci.  Rept.  2,  AFl 9(604)6141,  The  Ohio  Slote  Univ,  (1961). 
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McClutchey  of  the  Optical  Physics  Laboratory,  AFCRL,  is  presently  compil' 
ing  the  latest  fundamental  speetroscopic  data  on  the  spectral  lines  of  all  molecules  re¬ 
sponsible  for  atmospheric  absorption.  Hie  spectral  line  data  arc  to  include  frequeney, 
line  intensity,  half  width,  and  energies  of  the  quantuni  meehanical  energy  stales  in¬ 
volved  in  the  radiation  transfer  process.  The  gases  involved  in  this  study  are  COj,  HjO, 
O3 ,  NjO,  CO,  CH4 , 02 ,  Nj ,  and  HNO3 .  A  report  on  this  work  is  expected  to  be  com¬ 
pleted  by  the  end  of  1972.“' 

Recently,  Perry,  Layman,  and  Ealy  have  conducted  a  study  of  the  “atmo¬ 
spheric  window”  transmittance  through  artificial  fog.''^  They  have  measured  the  rela¬ 
tive  transmittance  in  the  “visible,”  3-5  /mii  and  8-12  nm  spectral  bands  through  a  45.72 
m  (150  ft)  optical  path.  The  fog  chamber  is  reported  to  have  the  capability  to  produce 
homogeneous  fog  with  variable  density  but  with  a  constant  relative  size  distribution  of 
fog  droplets.  Figure  27  shows  the  relative  size  distribution  of  fog  particles  used  in  this 
study.  Figure  28  presents  the  relative  transmittance  for  their  “visible,”  3-5  iim,  and 
8-12  Mm  spectral  band  radiation-detection-systems  throu^  artificial  fog  of  varying  op¬ 
tical  density  or  transmittance.  From  Fig.  28,  it  is  clear  that  the  relative  spectral  band 
transmittance  through  fog  increases  with  wavelength  in  the  three  atmospheric  windows 
under  consideration.  However,  the  transmittance  for  the  3-5  Mm  and  8-12  Mm  spectral 
band  system  falls  to  0.02  and  0.2,  respectively,  when  the  optical  density  of  fog  reaches 
a  value  of  2  (visible  transmission  of  0.01).  Further,  the  relative  transmittance  of  the 
8-12  Mm  spectral  band  detection  system  falls  below  a  rather  low  value  of  0.02  when 
the  optical  density  of  fog  reaches  2.7  (visible  transmittance  of  0.002).  The  real  outdoor 
fogs  have  optical  densities  varying  from  1.7  to  30  which  correspond  to  visible  ranges  of 
1  km  to  50  meters,  respectively  (see  Fig.  17).  The  8-12  Mm  spectral  band  system  has  a 
reasonable  transmittance  advantage  over  the  visible  and  the  3-5  Mm  band  systems  espe¬ 
cially  in  the  optical  density  range  of  1.7  to  2.7  (visible  range  1000  -  630  m)  where  the 
transmittance  of  the  3-5  Mm  system  falls  below  0.02. 

8.  Fundamental  Principles  of  Gaseous  Absorption.  The  spectral  transmission  of 
radiation  by  the  atmospheric  constituents  is  rather  complex  owing  to  the  multiplicity 
of  physical  processes  involved  in  the  interaction  of  radiation  and  matter.  A  complete 
treatment  of  the  theory  of  atmospheric  gaseous  absorption  is  presented  in  a  number  of 


^  ^  ^  R.  A.  McClatchey ,  private  communication. 

^  E.  Perry,  S.  F.  Layman,  and  W.  R.  Ealy,  Comparison  of  the  Trammission  Throu^  Fr^  of  the  3~S 
and  8-14  ym  Spectral  Regions  as  a  Function  of  the  Visible  Transmission,  Research  and  Development 
Technical  Report  ECOM-7013,  U.  S.  Army  Electronics  Command,  Fort  Monmouth,  New  Jersey 
(1971). 
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Fjv.  28.  Relative  transmittance  of  visible,  3  to  5  ^m,  and  8  to  12  iim  radiation  through  artificial  fog  with 
varv  ing  optical  density  as  measured  by  Peny  and  Layman. 


recent  publications  and  references  listed  therein.*’^  Only  the  basic  principles  are 
presented  here. 

a.  The  Shape  and  Width  of  a  Spectral  Line.  The  molecular  spectral  lines 
have  a  number  of  analytical  shapes  or  contours  and  half-widths  which  arc  determined 
by  the  following  processes: 

(1)  Natural  broadening. 

(2)  Pressure  or  collision  broadening  due  to  interaction  among  molecules. 

(3)  Doppler  broadening  due  to  relative  motion  of  molecules. 

The  natural  width  of  a  spectral  line  is  set  by  Heisenberg’s  Uncertainty 
Principle  which  states  that  if  the  lifetime  of  a  molecule  in  an  excited  state  is  At,  then 
the  uncertainty  in  its  energy  AE  will  be  given  by 


AE  ^  h/27r(At) 

(62) 

where  h  is  Planck’s  constant.  This  excitation  energy  is  released  as  a 
interval  Av'  (Hz)  given  by 

photon  of  frequency 

AE  =  h  Ap'. 

(63) 

In  terms  of  wave-numbers,  v  in  cm*' 

AE  =  h  c  Ap  , 

(64) 

where  p  =  p'/c  . 

(65) 

A  comparison  of  equations  (62)  and  (64)  gives 


Avm  « - ^ - 

27r  c  (At) 


cm 


-I 


(66) 


In  tin*  infrared,  the  vibrulional  <'nerg\'  region  stales  have  a  lifetinie  of  the  order  of  O.I 
sej'otul.  Substitution  of  this  value  for  (At)  and  .'i  x  10'®  eni/sei-  for  e  gives  the  natural 
width  of  a  spectral  line  Ai^j^ 


^  ^  Va.  Kotulralyrv, in  lltr  \lmosphvro,  I’rcs!-.  Ni'w  York  (IMf)*)). 

^  ^  ht.  \1.  (IiMxlv,  Atnioiiplif’nr  Hnilinlion.  Oxfonl  I  nivi-rsily  IVi'.v'..  I.ontlon 


(67) 


5  X  10*“  cm'* 

which  is  trivial  as  compared  to  wave  numbers  associated  with  infrared  radiation  in  atmo¬ 
spheric  phenomena  (25000  —  666  in  0.4  •  15  jum  region),  and  the  broadening  caused  hy 
the  Doppler  effect  and  collision  broadening. 

The  theory  of  collision  or  pressure  broadening  was  given  by  Lorentz; 
according  to  this  theory,  the  shape  of  a  gaseous  absorption  line  is  given  by  the  relation: 
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(68) 


where 


(69) 


and 
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(70) 


where  is  the  frequency-dependent  absorption  cocfficicnl,  S  is  the  strength  of  the 
spectral  line  (intensity).  F/'  is  the  vibration-rotational  energy  of  the  ground  state.  P  and 
T  are  the  effective  pn*ssnre  and  temperature  of  the  absorbing  gas,  p^^  is  the  frequency  at 
the  center  of  the  spectral  line,  otj  is  the  half-width  of  the  spcetral  line,  and  n  is  a  con¬ 
stant,  different  for  each  gas«!ous  specimen  (n  =  I  for  linear  molecules  and  n  =  1 .5  for 
as.symetric  and  linear  lop  molecules).  The  subscript  o  in  equations  (69)  and  (70)  refers 
to  the  quantities  at  standard  conditions  of  temperature  and  pressure. 

Tlic  floppier  effect  profile  caused  by  the  component  of  velocity  of  mole¬ 
cules  along  the  direction  of  emission  of  radiation  is  giv<’n  by 


where 


and 
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^  ^'’1).  Aiiiliiij:,  iitind-Mnili't  Mvlltods  for  (.'ompiilinf:  Attoosphrrir  Molcnilar  Ahsorplion,  Ke 
71 112-21-1.  XMllow  Iiiiii  l,iili<inil«>rii-s.  Tlir  I  iiivcrsily  ol’ Mirliiftait.  Ami  Arlior,  Miclii}:;m 
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1  ’  ^ 

I  and  ap  =  3.58x10  ’  [1|  .  (74) 

/ 

I  Here  is  the  Doppler  half-width  and  M  is  the  molecular  weight  of  the  absorber. 

5 

!  ITie  Doppler  width  of  the  5577  A  line  of  atomic  oxygen  at  300°  K  is 

3.3  X  10'^  cm'*,  while  the  typical  Lorentz  (or  collision)  widths  at  the  standard  tempera¬ 
ture  and  pressure  (S.T.P./  are  of  the  order  of  8  x  10"*  cm'*.  Doppler  and  Lorentz  line 

!  widths  arc  comparable  at  higher  altitudes.  For  the  lower  atmosphere  where  the  pres¬ 

sure  is  high,  the  Lorentz  profile  is  the  must  predominant.  In  the  upper  atmosphere, 
the  effect  of  collision  broadening  decreases  and  Doppler  broadening  is  more  important. 
Figure  29  shows  the  relative  shapes  of  the  Doppler  and  Lorentz  spectral  lines  of  the 
same  strength. 


In  the  real  atmosphere,  the  absorption  lines  obtained  with  a  spectrome¬ 
ter  arc  caused  by  the  simultaneous  absorption  of  all  absorbers.  Thus,  the  resulting 
spectra  have  blended  shapes  modified  by  the  slit  function  of  the  spectrometer.  The 
Deer-Lumbert-liouger  law  may  not  hold  fur  such  spectral  regions. 

A  number  of  modified  forms  of  Lorentz  and  some  totally  new  spectral- 
line  profiles  have  been  proposed  by  a  number  of  investigators. One  should  note  that 
the  half-width  of  a  pressure-broadened  or  Lorentz  line  varies  line»-ly  with  the  total 
pressure  and  approximately  inversely  as  the  square  root  of  the  absolute  temperature 
and  that  the  intensity  or  strength  of  a  spectral  line  is  a  function  of  temperature. 

b.  The  Rigorous  Method  for  Computing  Gaseous  Spectral  Absorptance. 

The  spectral  absorptance  A,^  rather  than  spectral  transmittance  T,;  is  genciully  i^omputed 
since  the  absorption  curvc.s  “grow”  in  dcptli  and  width  us  the  umouni  of  the;  ubsorb(;r  is 
increased.  The  average  absorptance  A^  over  a  bandwidth  is  given  hy  Lambert's  law: 


i 

\  where  N  corresponds  to  lh(^  number  of  different  absorptiut?  lines  (contributing  to  absorp 

‘  tion  in  the  interval  i>i  to  (assuming  that  there  is  no  appr<'eiahl('  vuriation  in  absorp¬ 

tion  coefficient  with  wavelength  itt  this  interval).  Tlic  rigorous  method  for  the  eompu- 
tatiun  of  absorption  is  diricct  ititegrulion  using  equation  (7.5).  For  this  method,  oik;  bus 


*  M,  (loody,  /ilmoiphfrir  Hadiation,  Oxford  llniversity  IVss,  London  ( I  %4). 
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Fig.  29.  Doppler  and  Lorentz  spectral  line  ^apes  for  amilar  strengths  (intensities)  and  line  widths. 


lo  know  the  ubsorplion  coefficient  k(x,  v)  at  each  frequency  and  at  each  point  along 
the  optical  path.  This  method  requires  exact  knowledge  of  the  cljaraclcrislics  of  each 
spectral  line,  namely  its  position  (center),  line  shape,  half  width,  and  intensity,  as  well 
as  the  concentration  of  each  absorber.  The  rigorous  method  should  produce  v<Ty  accu¬ 
rate  absorption  spectra  if  all  the  parameters  are  well  known  and  all  the  corrections  due 
to  the  variations  of  temperature,  pressure,  and  concentrations  are  completely  lakcji  in¬ 
to  account.  This  does  require  a  great  deal  of  compulation  effort  and  patience.  A  com¬ 
plete  data  bank  on  spectral  lines  is  still  in  preparation  in  1972."^ 

For  the  transmission  of  laser  radiation,  one  does  require  high-resolution, 
spectral-transmission  data  to  make  accurate  computations. 

c.  Band  Models  for  Computing  Spectral  Absorplance.  Lambert’s  law  of 
absorption  is  obeyed  for  monochromatic  radiation  within  one-fifth  of  its  line  width 
which  varies  from  2  x  10'^  cm‘‘  for  a  gas  at  S.T.P.  to  about  2  x  10''*  cm'*  for  Doppler 
broadening.  This  presents  a  formidable  challenge  for  experimental  and  computational 
task.  The  present  convcntionul  spectrometers  do  not  have  Ihe  required  resolution.  One 
may  have  to  use  Fourier  Spectrometers  to  obtain  high-resolution  spectra  to  study  the 
real  spectral  line  shapes,  width,  and  intensity  variations  with  absorber  concentrations. 
For  the  sake  of  practical  compromise,  the  spectral  lines  are  averaged  into  spectral  bands. 
A  spectral  band  is  assumed  to  contain  an  array  of  spectral  lines  of  a  certain  shape,  inten¬ 
sity,  and  half-width  and  spacing  distributed  according  to  some  statistical  pattern.  In  the 
real  spectra,  this  is  not  so.  This  is  a  major  source  of  discrepatmy  between  real  and  com¬ 
puted  spectra.  A  number  of  statistical  models  have  been  proposed  for  calculating  ab¬ 
sorption  due  to  molecules  of  various  gases  as  the  patterns  of  the  arrangement  or  repeti¬ 
tion  of  molecular  spectral  lines  are  different  for  various  types  of  molecules.  The  main 
features  of  the  band  models  are  discussed  in  detail  in  the  literature."® 

The  Elsasser,  or  regular,  model  assumes  that  a  band  is  made  up  of  an  in¬ 
finite  array  of  spectral  lines  of  equal  intensity,  half-width,  and  spacing.  This  model  is 
applicable  to  bands  of  linear  molecules.  Lorentzian  line  shape  is  used.  Absorption  for 
various  values  of  optical  thickness  (a  function  of  absorber  amount,  line  intensity,  and 
spacing)  can  be  computed  for  various  values  of  the  line-discreteness  parameter. 


^  *”k,  a.  McClalchcy,  private  eoniniuniealion. 

^  Ya.  Kondratyev,  Radiation  in  the  Atmosphere,  Aradernic  Press,  New  Y  ork  (1969). 

^  M.  (loc)dy.  Atmospheric  Radiation.  nx6>nl  llniversity  Press.  I.otidoii  (1964). 

'“^D.  Aiidiiip,  Rand-Model  Methods  for  Computinf'  Almospheriv  Molecular  Absorption.  Iteport  No. 
7142-21 -T,  Willow  Hun  I, ahora lories.  The  University  of  Mieliipin,  Ann  Arbor.  Miehijian  (1967). 
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The  8totistical,  random,  or  Mayer-Goody,  model  assumes  that  the  posi¬ 
tions  and  line  intensities  are  random  and  are  given  by  a  probability  function.  This 
model  has  been  used  for  water  vapor  using  the  Lorentz  profile.  Telles,  Mayer,  and 
Goody  developed  this  model. 

The  random  Elsasser,  Plass,  or  Kaplan  model  assumes  a  random  super¬ 
position  of  Elsasser  bands  of  different  intensities,  half-widths,  and  spacing  intervals. 
This  model  predicts  absorption  intermediate  between  the  regular  Elsasser  and  random 
Goody  models. 

Ihe  quasi-random  model  of  Wyatt,  Stull,  and  Plass  assumes  that  the 
spectral  lines  are  randomly  distributed  into  small-frequency  intervals.'^’  The  trans¬ 
mission  over  larger  frequency  intervals  is  calculated  by  averaging  the  results  from  the 
smaller  intervals.  The  spectral  lines  are  grouped  into  intensity  subgroups  which  simu¬ 
late  actual  intensity  distribution.  The  contribution  from  the  wings  of  the  spectral  lines 
whose  centers  are  outside  a  given  spectral  interval  is  included.  This  method  has  been 
applied  to  water  vapor  and  carbon  dioxide  molecules.  Transmittance  tables  for  various 
amounts  of  absorber  are  available  in  the  litcraturc.'^^ 


R(  !ccntly  Zachorand  Gibson  and  Pierluissi  liavt;  proposed  generalizations 
of  the  Mayer-Goody  statistical  model.  Zaelior  has  used  his  model  to  calculate  absorption 
by  carbon  dioxide.**^  Gibson  and  Pierluissi  have  proposed  a  “five-parameter"  model 
and  have  applied  it  to  the  infrared  transmittance  of  water  vapor  and  carbon  dioxide.'** 

Various  workers  have  prepared  computer  programs  for  the  computation 
of  molecular  absorption  by  11}  G,  GO} ,  [N}(),  0} ,  and  GII4  iKsing  various  band  models  in 
different  spectral  regions.'*'’ 


*  1’.  J,  Wyatt,  V.  It.  .Stull,  and  (I,  N.  Plans,  "The  liifrareii  Trunsmittuiice  of  Water  Vapor,"  Appl.  Opt, 

I  229  (1%4). 

'  “'^V.  It.  .Stull,  P. .[.  Wyatt,  and  (I.  N.  Plans,  “The  Infrared  Tranninitlanee  of  (’arhon  Dioxide,"  Appl. 
Opt.  ,?,  24;i(l9(4). 
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A.  (iiliHon  ati'l ,(,  II.  Pierluimi,  "Aeenrate  l''i»rtiiula  for  (iuneoun  Tranntnillaiii'e  in  the  Infrared," 
Appl.  Opt.  10.  1. '51)9  (1971). 

^“*^1).  Anding.  Ihnil-Mnili'l  Mpthiida  for  Compiiliiiff  Atinosphvrir  Mtilrciilar  Alixorption,  Iti-port  No. 

7 1 42-2 1 -T.  Willow  Itun  l.aliorutorien.  The  University  of  Michigan,  Ann  Arhor,  Michigan  (1907). 

It.  M.  (•oluliitskiy  and  N.  I,.  Moskalenko,  ",''pe<  trul  Transmission  Kunctions  in  the  ll]D  and  GOj 
Hands,”  Hull.  (Itv.l  ten.  .SV.  f'.S.S'/f  Ifmoj,  and  Ori<an.  /Viv.r.  /,  191  ( 19fd{). 


d.  Empirical  Methoda  for  Calculating  Spectral  Trarumittance.  McOatchey 
et  al.  have  prepared  a  set  of  empirical  transmittance  functions  and  a  computer  program 
to  calculate  horizontal  or  slant-path  transmittance  from  ground  level  to  an  altitude  of 
100  km  for  a  set  of  ten  model  atmospheres,'^*  The  spi^ctral  region  covered  is  from 
0.25  micrometer  to  25  micrometers  with  a  resolution  of  20  cm"'.  There  are  two  haze 
models  corresponding  to  visible  ranges  of  23  and  5  kilometers.  Figures  30  and  31  pre¬ 
sent  atmospheric  transndttancc  functions  per  kilometer  horizontal  optical  path  length 
for  five  atmospheric  models  containing  haze  with  23  and  5  km  horizontal  visibility 
ranges. 


Colubitskiy,  Moskalenko,  and  Mirumyaiits  have  developed  an  empirical 
method  for  computing  atmospheric  spectral  transmittance  using  the  general  form  of 


Lambert's  law: 


where  w  is  the  absorbing  mass,  is  the  effective  pressure  (for  water  vapor, 

Pe  ~  Pnj  PhjO  »  where  !J  is  self-ltruadcning  coefficient),  m,;,  iii;,  and  |3y  are  wavc- 
leiigth-aependcnt  parameters  determined  from  experimental  data.  They  have  described 
the  method  for  computing  the  constants  and  have  prepared  extensive  tables  of  constants 
for  the  computation  of  spectral  trunsmittuace  in  the  infrared  region.  This  method  is 
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Renearcli  Laborataries,  Redford,  MaiwachusetlH(l97l). 

I  ^0 

'“''H.  M.  (ioluliitskiy',  and  N,  L.  Munkulenko.  “Spectral  1  ratihniisHioii  Funcliutm  in  the  lIjO  and  (lOj 
Rands,'’ /tul/.  (Uv.)  Ara.  Sc.  ll.SSR  Atmos,  and  Ocenn.  Rhys.  4,  I94(I90H). 

^  |\|,  (iolubitskiy  unci  N.  I,.  Moskalenko,  “Mi'usiiretneiil  and  Guicniation  of  SpiM'trul  Trmisiiiission 

in  the  NjO  Ruridsiii  the  Near  Infrared  Region,'' /tu/f.  (Izv.)  Aru.  Sv.  USSR  ,  \tmos.  and  Ocean.  Rhvs. 
4,  iWflfJWt). 

L.  Moskalenko,  ".''peetrul  Trunsniission  Fiinetioiis  in  Some  ll]< )- Vapor,  (JO,  and  (JII4  Ruuds, ” 
lluli.  (Izv.)  .'ten.  .SV.  l^SSR  Atmos,  and  Oemn.  Rhys.  ■/.  445  ( l%H). 

*  '*“N.  L.  Moskalenko,  "Tlie  Spei  trul  Trunstnissioii  in  the  Ruuds  of  Wuler  Vapor  <>3.  N2l>,  anil  Nj 

AltiiosphiTie  (l(»iiipoiienls,'’ Rh//.  fizc.)  len.  Sc.  O.SSR  .  roni  Ocean.  Rhys.  5.  (i7U  (1969). 

*  L.  Moskalenko  and  .S,  ( ».  Miriitnyunls,  “Culeululioii  Methods  of  Spei  irul  Alisoqitioti  of  Infrared 
Rudiution  hy  Atmosplierie  ( iiisi's,''  Hall,  (hv.)  .  led.  Sc.  I '.SSR  Atmos.  Ocenn.  Rhys.  6,  fiti.'i  ( 1 970). 

*  .  I„  Filipp(»  and  S.  (>.  Miniiiiyunls,  ''Compurilive  Study  of  F,\perimeiitul  and  ( jdi  iiluted  Infru- 
red  Triinspureiiey  .Spi-elru  oftiroutui  l,e\e|  llorir.oiitul  .XtuiospInTie  I'ullis." /in//.  (Izc.)  ten.  Sc. 
I’SSR,  \tinos.  ■ind  Ocean,  Rhys.  (1,  070  (197(1). 
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reported  to  provide,  in  wxne  cases,  better  accuracy  than  the  quusi-rundoni,  Wyatt-Stidl- 
Plass  hand  model  if  the  spectral  resolution  >  5-20  cm  ',  An  accuracy  of  5  to  7%  in 
computed  values  of  s[M’etra!  transmittance  is  ohtaineil.  I''urtherniure,  a  eorreelion  for 
the  temperature  (effect  is  included. 

At  present,  to  our  knowledge,  there  arc  no  satisfactory  atmospheric 
models  to  compute  spectral  transmittance  covering  the  spectral  range  from  0.5  microm¬ 
eter  to  15.0  micrometers  for  luw-visihility,  atmospheric  environments  charaetcriiied  hy 
thick  haze,  fug,  dust,  and  smoke  where  the  hori'/,ontal,  visible  range  is  reduced  from  4 
kilometers  to  20  meters  or  so. 

9.  Scattering  of  Radiation  by  the  Atmosphere.  The  attenuation  of  radiation  hy 
scattering  is  caused  hy  the  spatial  inhomogencities  in  the  refractive  index  of  the  medium 
of  propagation.  In  the  terrestrial  atmosphere,  the  main  scatterers  arc  the  aerosols  (wa¬ 
ter  droplets,  dust,  or  smoke  particles)  and  air-density  tluctualions.  The  scattering  due 
to  the  fluctuations  in  air  density  is  caused  by  molecules  of  the  atmospheric  gases  (mo¬ 
lecular  scattering).  If  the  wavelength  of  incident  radiation  is  considerably  smaller  than 
the  size  of  the  scattering  particles,  the  interaction  is  called  Rayleigh  scattering.  The 
scattering  of  ultraviolet  and  visible  radiation  by  molecules  and  ultrahigh  frequency 
radio  waves  by  cloud  particles  is  Rayleigh  scattering.  When  the  wavelength  of  radiation 
is  comparable  to  the  dimensions  of  the  scattering  particles,  the  interaction  is  called  Mie 
scattering.  There  arc  a  number  of  excellent  treatises  on  the  theory  of  electromagnetic 
scattering, The  main  features  and  terminology  of  the  Rayleigli  and  Mie  scatter¬ 
ing  phenomena  are  outlined,  and  the  procedures  to  compute  scattering  and  attenuation 
coefficients  in  each  case  are  described  in  the  fullowing  paragraphs. 

a.  Rayleigh  Scattering.  The  Rayleigh  scattering  cocfficicmt  O||(0)  in  a  di¬ 
rection  0  with  respect  to  the  direction  of  incidence  is  given  byi'” 

*‘^'*11,  C,  Van  di!  Iliilst,  Li/fhl  Scalltfrinif  hy  Small  htrliclet,  .lolm  Wiley,  New  York  (I9.'57). 

Kerk(?r,  editor,  l''.li<ctronuigit<;tic  Scattming,  The  Maemillun  O).,  New  York  (1%3),  and  7'he 
Srallering  of  Light  and  Other  Klcctromagiwtic  Radiation,  Ar.udemle  Pre»»,  New  York  ( 1 9(i9). 

'  ‘  I).  Deiriiietidjiun,  Rleftromagnetic  Srattoring  on  Spheriml  Polydiapmiomi,  ICIsevier,  New  York 

(l%9). 

*'**'ll.  reiindorf,  "Angular  Mie  .Scullering.’V.  Opt.  Soc,  .tm,,  52,  402  ( 19f)2). 

*  *K.  Yh,  Koiidrulyev,  Radiation  in  the  Atmoaphere,  Aeudeitde  Press,  New  >  ork  ( I  %9). 

*‘^**K.  iViindorf,  Tuidea  of  the  Refractive  Index  for  Standard  Airnnd  the  Rayleigh  Scattering  Cmiffi- 
dent  for  the  Spectral  Region  between  0,2  and  20.0  pm  and  Their  Application  to  Atmoapheric 
Optica,  ARdKM'N  .'■>.'1-206,  p.  26,  Air  hire*- tlaridiridge  Hi^seareli  l.idiorulories,  Medford,  Mussu- 
eliiisetls  (19,'),')), 


On<0)  -- 


(77) 


?r’  (tn^-  1)*  ,,  ,  2  ov 


where  m  in  the  refractive  index,  N  is  the  number  uf  scatterers  per  unit  volume,  and  X  is 
the  wavelength  of  the  incident  radiation.  The  factor  (1  +  cos*  0)  is  culled  the  “Rayleigh 
acuttering  function."  It  haa  maximum  values  fur  0-0  and  0  =  180°  (forward  and  back 
scattering)  and  minimum  values  for  0  =  90°  and  0  =  270°.  Kquatiun  (77)  also  shows 
that  tite  volume  scattering  coefficient  is  inversely  proportional  to  the  fourth  power  of 
the  wavelength  of  the  incident  radiation.  The  integral  of  equation  (77)  over  thi;  scat¬ 
tering  angle  0  gives  the  Rayleigh  volume  seutleriiig  coefficient  i 


I'his  relation  is  strictly  accurate  only  for  transparent  nonconduclora.  If  there  arc  any 
absorbing  conductors  in  the  scattering  medium,  the  complex  refractive  index  is  given 
by  m  =:  n|  -  ( n^  where  nj  is  the  real  refractive  index  (same  us  m  for  u  non-ubsurbing 
medium)  and  nj  is  the  absorbing  index.  In  the  cose  of  small  absorbing  particles,  the 
absorption  coefficient  is  not  given  by  the  Rayleigh  formula.  KollowingShifrin,''*'  llic 
utteiuiution  coefficient  due  to  the  absorption  ond  scattering  by  u  single  particle  is  given 
by 


36ir  itj  nj  y 
®X  =  X  ’ 


(79) 


where  is  tin;  attenuation  coefficient  and  V  is  the  volume  of  the  particle.  Kquulion 
(79)  shows  that  the  attenuation  coefficient  for  un  absorbing  particle  is  inversely  propor¬ 
tional  to  the  wavelength  of  the  incident  radiation. 

b.  Mie  .Scattering.  Scv(!rul  treatises  menlioned  earlier  give  u  detailed  ue- 
e.ounl  of  the  muthcinulicul  tn'atmcnl  of  the  Mie  theory  which  dcserihes  the  attenua¬ 
tion  of  radiant  flux  by  a(!rosols  whose  si/.(!  is  comparable  to  the  wavidcngth  of  the  inci¬ 
dent  radiation.  Particles  of  u  si/e  greater  than  0.(13  micromcti'r  radius  must  In^  treated 
according  to  thi!  exucl-diffruction  theory  given  by  Mie. 

Mie  solved  the  ease  of  u  inonoelironiutie  plane  wuv(‘  incident  on  u  homo¬ 
geneous,  isotropic  sphere!  of  radius  r  surrounded  by  u  trunspareni  homogeni'ouM  and  iso¬ 
tropic  medium.  The  incident  wave  induces  forced  oscillations  of  free  and  bound  charges 


K.  .S,  Slii frill,  Sr'oUrrin^  of  Liffhl  in  a  Turltiil  \hnlium,  (ioHti'kliixilut,  Moscow  (I9.TI ),  or  INA.'^A 
Tccliiiicul  Traiislulion,  NA.SA  TTF-f77,  Nutional  Acroimiitics  uiiil  .Space  Ailiiiiiiislriitioii,  Wusli- 
ii>|{lon, !).(:.( I9fiti). 
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in  Bynchronism  with  the  applied  field  resulting  in  a  sccundary  electric  and  magnetic 
field-one  outside  nnd  the  other  inside  the  sphere.  The  intensity  of  the  scattered  radia¬ 
tion  at  a  large  distance  from  the  scattering  aerosol  particle  at  a  scattering  angle  0  is  given 
by 

•  =  *0  I  +  ,  (80) 


where  tn  =  the  refractive  index  of  the  particle 


X  =  2ffr/X,  dimensionless  size  parameter 


r  =  radius  of  the  spherical  particle 

$  =  angle  between  the  incident  and  the  scattered  radiation 

direction  (0  =  0  for  the  forward  direction) 


=  the  intensity  of  the  incident  radiation. 


The  intensity  functions  (|  and  tj  are  proportional  to  the  components  of  the  electric 
fleld  perpendicular  and  parallel  to  the  scattering  plane.  The  intensity  functions  arc 
given  by  the  squares  of  amplitude  functions  Si  (6)  and  Sj  (0)  where 


where 


s,  {6)  =  E 


2n  +  I 

::r,  •>(...!) 

1  .,8 


(l)t,  7r„  -I-  a„  T|| ) , 


”  sill  0 


I’,;  («!<>«  0)  . 
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The  terms  Pj,  arc  associated  Legendre  Piilyiuiininals  and  tt,,  and  r„  arc  i'liiictions  of  the 
scattering  angle  0.  Figure  i)2  shows  (lie  variation  of  ir  and  r  for  n  -  I  (o  n  -  6.  The  eo- 
efficients  a„  and  h„  in  equation  (HI)  are  Hiceati-Hessel  fuiietioiis  which  can  lie  written 
in  terms  of  spherical  Hessel  functions,  and  a,,  and  h,|  are  funelions  of  x  anil  m  hut  .ire 
independent  of  the  scullering  angle. 
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Fig.  32.  ir„  and  function:,  of  scattering  angle  for  n  =  1  to  6  used  in  MIE  theory  (after 
Van  de  Ilulst).  > 


The  scattering  efricieiiey  is  defined  os  the  ratio  of  the  scattered  flux 
to  the  incident  flux  per  unit  cross-scetional  area  of  the  scattering  particle.  The  efficien¬ 
cy  factors  are  given  by  the  expressions; 

£  (2n+ l)(|aj*+|b„p),  (82) 

^  n=l 

K=4  E  (2n+ l)Rc(a„  +  b„),  (83) 

*  n=l 


K.  =  K-K  , 


(84) 


where  the  subscripts  a  and  s  refer  to  absorption  and  scattering,  respectively,  and  K  is 
the  attenuation  efficiency  of  the  scattering  particle. 

If  a  unit  volume  of  .scattcrers  contains  N  particles  of  the  same  relative 
size  parameter  x  =  2fr  r/X,  then  the  volume  scattering  coefficient  is  given  by  the  relation 


0  =  N  jr  K.  , 


(85) 


For  a  polydispersc  system  of  scatterers  with  a  size  distribution  n(r),  the  sc;attering  co¬ 
efficient  is  given  by  the  integral 


a  =  n 


•2 

/ 

^1 


n(r)  r*  dr 


(86) 


or,  alternately,  in  term.s  of  the  size  parameter  x, 

oe 

x^ 


~  j  x^  n(x)  K^(x)  tlx. 


(86a) 


Similarly,  the  attenuation  c(M;fficient  a  can  Im'  computed  by  ii.sing  the  appropriate  value 
of  attenuation  efficiency  K  in  equation  (86). 

a  -  It  j  ^  "(<■)  8r.  (861i) 

^1 

-Vtmospheric  acro.sol.s  have  Ikcii  .studied  by  a  numbi'r  of  workers.  Jungi' 
has  found  that  the  .size  distribution  of  natural  “contincntar'  aerosols  is  given  by  the 
relation 


N(r)  =  (<;/2.3)r-<»^‘>  (H6c) 

where  e  is  a  constant  and  v  varies  betwe<’n  2.5  and  4.0.'^^ 

Figure  33  shows  the  wavelength  dependence  of  the  attenuation  and  scat¬ 
tering  coefficients  for  variou-  aerosol  models  based  upon  Diermendjian's  haze  and  cloud 
models.'*^  Figure  34  shows  a  similar  set  of  attenuation  coefficients  computed  by 
Rensch.***  In  Figure  33,  the  M,  L,  and  II  curves  represent  three  haze  nioilcis,  and  C| , 
Cj ,  and  C)  are  cloud  models.  Figure  34  contains  attenuation  cueffirients  for  four  at¬ 
mospheric  models  characterized  by  clear  and  light  haze  to  light  fog.  For  atmospheric 
models  wnth  low  visibility,  the  attenuation  coefficient  is  comparatively  a  very'  slowly 
varying  (almost  constant)  function  of  wavelength  in  the  visible  and  near  infrared  region, 
and  it  has  a  minimum  value  between  10  and  12  pm  in  the  far  infrared  region.  On  the 
other  hand,  for  atmospheric  models  which  correspond  to  comparatively  better  visibility, 
there  is  a  rapid  decrease  in  attenuation  with  increase  in  wavelength;  and  there  a'c  sliarp 
maxima  of  attenuation  coefficients  near  2.7  pm  and  6.3  pm  which  correspond  to  the 
centers  of  the  strong  water  vapor  absorption  bands.  If  one  compares  these  calculated 
spectra  with  the  measured  haze  and  fog  spectra  given  in  Figs.  17a  to  c  and  Fig.  23, 
based  upon  the  work  of  Arnulf  er  a!,  and  Filippov  ei  al.,  one  notices  that  in  the  mea¬ 
sured  spectra  there  are  no  such  peaks  shown  at  2.7  pm  and  6.3  pm.  This  is  due  to  the 
deliberate  exclusion  of  the  water  vapor  absorption  bands  by  the  experimenters. 

The  normalized  intensity  or  phase  function  P(X,m,d),  introduced  by 
Chandtasekhar,'*^  is  defined  as 

P(\,m,fl)  =  '/r  I  P,  (0)  +  P,(0)I  =  2|».(e)^  <2(0)1 

Ihe  phase  function  represent.^  the  ratio  of  the  radiant  energy  scattered  per  unit  solid 
angle  in  a  given  direction  to  the  average  radiant  energy  scattered  per  unit  solid  angle  in 
all  directions. 


C.  E.  Junge,  Air  Ch"  nutry  and  HadioactivitY,  p.  1 18,  Aradcniic  Press,  New  York  and  London 
(l%3). 

■’D.  Deirmendjian,  Eitctromagnrtic  Scallrring  an  Spherical  Polvditpeniont,  K.lptevirr,  New  York 
(1969). 

B.  Rensch,  Extinction  and  Sackscattrr  of  Vitible  and  Infrared  iMvr  Radiation  hr  A  tmorpheric 
AeroMoU,  Report  2467-,l,  The  Ohio  Stale  I'nivrrsily  (1969), 

®S.  Chandrasekhar,  Radiative  Tnmfer,  Qarendon  Prew,  Oxford  (1950),  also  Dover  Publicatioiw, 
New  York  (1960). 
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ATTENUA 


(b)  rrlative  humidity  0.95  as  reported  by  Rensch. 


For  a  polydi<«perse  system  of  scatterers  with  size  distribution  n(x),  the 
phase  function  is  given  by 


OO 

o 

where  a  is  the  scattering  coefficient  and  k  =  2ir/X  is  the  propagation  constant.'^ 

The  normalized  phase  function  for  backscattering  (6  =  180°)  is  given  by 

P(X,m,180°)  =~  j  |S(X,m.l80“)  l*n(r)dr  (88a) 

•^1 

where  S(X,m,180°)  is  the  backsi-attcr  amplitude  function  for  a  single  particle.  An  exact 
calculation  of  S(180°)  is  made  by  the  Mie  method;  but,  for  particles  for  which  the  size 
parameter  is  large,  the  computatic’is  become  rather  lengthy.  Some  approximate  meth¬ 
ods  have  been  used  to  determine  this  function.  Rensch  and  Long  have  calculated  values 
of  attenuation  and  backscattering  coefficients  for  various  theoretical  models  of  haze, 
fog,  and  rain  aerosols  for  the  wavelength  range  from  0.34  pm  to  10.6  pm.'^'^ 

The  backscattered  radiant  energy  in  watts  (X,I80°)  is  given  by  the 

equation 

Qr  (X,180°)  =  A  L  w  T,  T,  lP(X,180°)/4irJ  a  (89 

where  is  the  radiant  iticidancc  (irradiance)  (W-cm'^  )  on  the  scattering  volume  having 
an  area  A  (cm^ )  perpendicular  to  the  optica!  path  of  length  L  (cm)  of  the  scattering 
volume,  Tj  is  the  atmospheric  transmittance  between  the  r><diator  and  the  scattering 
volume,  T}  is  the  transmittance  between  the  scattering  volume  and  the  dctcelor,  u)  is 
the  solid  an^^c  subtended  by  the  optical  system  of  the  receiver  (sr),  o  is  the  atmospheric 
volume  scattering  coefficient  (cm'*),  and  P(I80°)  is  the  backscattering  phase  function. 
Diermendjian  has  tabulated  values  of  the  normalized  phase  function  for  various  models 
of  haze  and  cloud  aerosols  of  various  compo.sitiuns.'*'’ 


Dcirmcndjian,  Kleclrontagnetic  Sraltfring  nn  Spherical  l^olydripersiont,  Elsevii'r,  New  York 
(1969). 

B.  Rensch,  Kxiinrtion  and  liack scatter  of  I'uibleand  Infrared  Ijoser  Radiation  by  Atmnsphe 
.•terosoh.  Report  2467 -.3,  The  Ohio  .Slsli*  Uiiivcrsity  (1969). 

Drirmendjian,  hoc.  ci‘. 
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Hie  atmoepheric  aeroeoU  have  a  real  refractive  index  if  they  are  com¬ 
pletely  transparent.  However,  the  natural  aerosols  have  a  complex  refractive  index 
(they  have  some  absorption).  The  behavior  of  the  variation  of  attenuation  efficiency 
is  a  very  sensitive  function  of  the  size  parameter  and  the  absorption  index  of  aerosols. 
Figure  35  shows  the  variation  of  the  attenuation  effitiency  K  as  a  function  of  the  size 
parameter  x  for  various  values  of  refractive  indices.  For  a  large  value  of  the  size  param¬ 
eter  X,  the  alleiiualiuii  efficiency  factor  K  approaches  the  value  2.  Small  changes  in 
the  absorption  index  have  quite  large  effects  on  the  attenuation  efficiency  of  the  parti- 
de.  Deirmeni^ian  has  tabulated  values  of  complex  refractive  indices  for  the  common 
constituents  of  atmospheric  aerosols  such  as  water  droplets  (at  various  temperatures), 
ice,  silicate,  limonite,  and  iron.'**  The  Mie  theory  has  been  extended  to  nonspherical 
particles  also.'** 


Hie  natural  dust  aerosols  contain  mostly  clay  minerals  of  aluminum  sili¬ 
cates,  silica,  metallic  oxides,  and  calcium  carbonate.  The  dust  particles  range  in  diame¬ 
ter  from  O.I  to  100  pm,  but  the  most  probaUe  sizes  are  between  0.1  pm  to  1.0  pm. 

The  dust  partides  have  quite  significant  absorption  in  the  infrared  region  particulariy 
around  9.6  micrometers.'*'  Hiere  are,  of  course,  innumerable  other  types  of  aerosols 
in  the  atmosfdiere.  These  aerosols  can  be  organic,  inorganic,  or  biological;  and  their 
sources  of  origin  include  the  sea,  forest  Hres,  volcanic  eruptions,  industrial  emissions, 
meteoric  dust,  and  debris  from  thermonuclear  explosions  in  the  atmospheric  or  space 
environment.  Mie  scattering  by  atmospheric  aerosols  must  account  for  their  complex 
refractive  index  and  nonspherical  shape. 

c.  Atmospheric  Turbulence.  Atmospheric  turbulence  causes  further  scat¬ 
tering  of  electromagnetic  radiation  in  addition  to  that  caused  by  the  atmospheric  gase¬ 
ous  molecules  and  aerosols.  Hiis  scattering  is  caused  by  the  large-scale  (compared  to 
molecular  dimensioi:.!)  inhomogeneities  in  the  refractive  index  of  the  medium  of  prop 
gation  in  the  optical  path.  The  effect  of  turbulence  on  the  degradation  of  imagery  has 
been  studied  by  Smith,  Saunders,  and  Vatsia  during  the  daytime  for  horizontal,  ground- 
level,  outdoor  conditions.'**  Figure  36  shows  the  degradation  of  photographic  resolu¬ 
tion  as  a  function  of  horizontal  range  for  various  values  of  exposure  time.  There  is  a 

Deirtnendjian,  FJtcIromagnelic  Scattering  on  Spherical  Polydispenions,  Klgevicr,  New  York 
(1969). 

*'^M.  Kerker,  editor,  Hlertrvmagnelic  Scattering,  Th**  Macmillan  Co.,  Nrw  York  (196.1),  and  The 
Scattering  of  Lif^t  and  Other  Flectmmagneiic  Radiation,  Acadi-mir  Prt-xs,  Ni-w  York  (1969). 

K.  Flanigan  and  11.  P.  HrLong,  ".SjH-rtral  AltMrrplion  (^aractriixtic!*  of  tlir  Major  (^oniponcnta 
of  Dust  Clouds," Opt,  10,  .'51  (1971). 

“A.  (>.  ^milh,  M.  j.  Saunders,  and  M.  1„  VatHia,  “.Somr  KffreU.  of  Tiirlmli-nci-  on  lliotographic 
Remdution,’’/.  Opt.  Soc,  /imer,  47,  T.'i.'i  (I9.'>7). 
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Variation  of  attenuation  efficiency  K  with  size  parameter  x  for  various  values  of  refractive  indices 
from  Van  dellulst). 


great  deal  of  interest  in  the  measurement  of  the  intensity  of  turbulence  and  its  temporal 
and  spatial  variations  for  various  types  of  terrain  and  surfaces  under  various  atmospheric 
optical  environments.'’^''^*  The  variation  of  image  degradation  as  a  function  of  the  in¬ 
tensity  of  turbulence  needs  to  be  further  investigated  in  order  to  determine  the  quanti¬ 
tative  effects  of  atmospheric  turbulence  on  the  performance  of  electro-optical  devices 
under  various  types  of  atmospheric  optical  environments. 

d.  Multiple  Scattenng.  Numerous  investigators  have  developed  a  number 
of  computational  methods  which  have  been  used  with  limited  success  for  multiple- 
scattering  calculations.  Some  of  these  methods  compute  both  intensity  and  polariza¬ 
tion  of  scattered  radiation. 

llte  Monte  Carlo  method,  first  used  by  Collins  and  Wells  for  the  study 
of  atmospheric  scattering,'*^  has  been  used  most  prolifically  by  Plass  and  Kattawar.'*" 
This  method  is  versatile  and  provides  a  tractable  approach  to  a  number  of  problems  in¬ 
cluding  anisotropy  and  inhomogeneities  in  the  density  and  refractive  index  in  the  hori¬ 
zontal  or  vertical  directions  in  the  atmosphere.  Blattner,  Collins,  and  Wells  have  ex¬ 
tended  the  applications  of  the  Monte  Carlo  method  to  calculations  in  spherical-shell 


*  ®^R.  S.  Lawrence  and  J.  W.  Strohbehn,  “A  Survey  of  Qear-Air  Propagation  Effects  Relevant  to 
Optical  Communications,” /’roc. /EE£,  S8,  1523(1970). 

^^R,  G.  Buaer,  “Interferometric  Determination  of  tlie  Distance  Dependence  of  the  Phase  Structure 
Function  for  Near-Ground  Horizontal  Propagation  at  6328  A,"  jour.  Opt,  Soc,  Am,  61,  488 
(1971), 

G.  Buserand  G.  K.  Born,  “Determination  of  Atmospherically  Induced  Phase  Fluctuations  by 
Long-Distance  Interferometry  at  6328  \,"Jour,  Opt.  Soc,  Am,  60,  1079  (1970). 

M.  Livinpt  on,  P.  11,  Deitz,  and  E.  C.  Alcaraz,  Li^t  Propagation  through  a  Turbulent  Atmo¬ 
sphere:  Measurement  of  the  Optical  Filter  Function,  BRL  Memo,  Report  2018,  Ballistic  Researcli 
Laboratory,  Aberdeen  Proving  Ground,  Md.  21005  (1969),  anAJ.O,S,A,  60,  925  (1970). 

C,  Alcaraz  and  P.  M.  Livingston,  Measurement  of  the  Beam  Wander  Phenomenon  in  a  Turbulent- 
Medium,  BRL  Technical  Report,  Ballistic  Rerearch  Laboratory,  Aberdeen  Proving  Ground,  Md. 
21005(1970). 

1  ‘Ut 

^M.  L.  Weaely  and  E.  C.  Alcaraz,  Diurnal  Cycles  of  the  Refractive  Index  Structure  Function  Coeffi¬ 
cient,  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  Md.  21005  (1972). 

^^^D.  G.  Collins  and  M,  B,  Wells,  Monte  Carlo  Codes  for  the  Study  of  Light  Transport  in  the  Atmos¬ 
phere,  Vol.  I  and  II,  Radiation  Research  Associates,  Inc.,  Fort  Worth,  Texas  (1965). 

^^G.  N.  Plass  and  G.  W.  Kattawar,  “Monte  Carlo  Calculations  of  Light  Scattering  from  Clouds,” 
Appl.Opt.  7,415(1968). 


atmospheric  problems.'*'  The  main  disadvantage  of  this  method  is  that  to  achieve  a 
high  accuracy  the  computational  time  becomes  very  large. 


Dave  has  recently  used  the  Gauss-Seidel  iteration  scheme  for  the  solu¬ 
tion  of  the  equation  of  radiative  transfer  to  calculate  multiple  scattering  for  Rayleigh 
and  Mie  atmospheres  with  good  accuracy.'*^  This  method  involves  the  expansion 
of  the  phase  function  into  a  series  of  Legendre  polynomials.  It  has  been  applied  suc¬ 
cessfully  to  study  plane-parallel,  horizontally  homogeneous  atmospheres.  The  latest 
form  of  this  method  reported  by  Dave  and  Gazdag  is  the  “modified  Fourier  transform” 
method  for  multiple-scattering  calculations.'** 

Hansen  has  used  the  “doubling  method”  to  compute  multiple  scattering 
of  polarized  light  reflected  by  terrestrial  water  clouds  at  1.2,  2.25,  3.1,  and  3.4  microm¬ 
eters.'**  '**  His  study  shows  that  polarization  characteristics  arc  more  sensitive  than  I 

the  intensity  characteristics  to  aerosol  size,  shape,  and  number  distributions.  Other  in¬ 
vestigators  who  have  contributed  substantially  to  the  study  of  atmospheric  scattering 
include  Chandrasekhar,'*^  Sekera,  Coidson  et  a/.,'**  MuUikan,  Querfeld,'**  Twomey, 

I 

1 

I 


G.  Blattner,  D.  G.  Collins,  and  M.  13.  Wells,  Monte  Carlo  Cnlculations  in  Spherical  Shell  Almo- 
tpheret,  RRA-T7104,  Radiation  Research  Associates,  Fort  Worth,  Texas  (1971). 

V.  Dave,  “Coefficients  of  the  Legendre  and  Fourier  Series  for  the  .Scattering  Functions  of  Spheri¬ 
cal  Particles,”  .tppl.  0/X.  9,  1888(1970). 

V,  Dave,  “Intensity  and  Polarization  of  the  Radiation  Emerging  from  a  Plane-Parallel  Atmosphere 
Containing  Monodispersc  Aerosols,” /Ippf.  Opt,  9, 2673  (1970). 

V.  Dave  and  J.  Gazdag,  “A  Modified  Fourier  Transform  Method  for  Multiple  Scattering  Calcula- 
tioru  in  a  Plane  Parallel  Mie  Atmoephere,'Mpp/.  Opt,  9,  14.'37  (1970). 

E.  Hansen,  "Multiple  Scattering  of  Polarized  IJght  in  Planetary  Atmospheres.  Part  I.  The 
Doubling  Method,”/.  Atmor,  Sci.  28,  120  (1971),  and  “Part  11.  Sunlight  Reflected  by  Terrestrial 
Wateraouds,”/,  A tmw.Sci.  28,  1400(1971). 

G.  Blattner,  D.  G.  Collins,  and  M.  B.  Wells,  Loc.  cit. 

1  fit? 

'®'S.  Chandrasekhar,  Radiative  Transfer,  Qarendon  Press,  Oxford  (1950),  also  Dover  Publications, 
New  York  (1960). 

*^K.  L.  Coulson,  J.  V.  Dave,  and  Z.  Sclera,  To  We*  Related  to  Radiation  Emerging  from  a  I'lanetary 
Atmosphere  with  Rayleigh  Scattering,  University  of  California  Prirsg,  Berkeley  and  Los  Angeles, 
California  (I960). 

*^^C.  W.  Querfeld,  Multiple  Scattering  in  a  Synthetic  h'oggy  Atmosphere,  Ph.I).  Dissertation,  Clarkson 
College  of  Technology  (1969)  University  Microfilms  70-20,0004,  Ann  Arbor,  Michigan  (1970). 
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Jacobowitz,  and  Howell,  RuUrich  and  de  Bary.  Herman,  Browning,  and  Curran’''®  who 
list  all  the  relevant  references,  present  a  good  introduction  to  the  problems  associated 
with  this  important  and  most  complicated  experimental  and  theoretical  problem  in  at¬ 
mospheric  physics. 

There  is  a  need  for  more  observational  data  on  the  variation  of  aerosols 
with  height  and  the  variations  in  their  size  distribution  and  index  of  refraction.  Volz  has 
recently  published  infrared  absorption  properties  of  atmospheric  aerosol  substances.’'" 
Solution  of  the  problem  of  multiple  scattering  is  far  from  satisfactory  at  the  present 
time. 

10.  Tables  of  Attenuation  Coefficients.  Some  investigators  have  calculated  at¬ 
tenuation  parameters,  based  upon  various  models  of  atmospheric  optical  environments, 
over  a  wide  range  of  wavelengths  from  ultraviolet  to  far  infrared.  McClatchey  etal, 
have  computed  values  of  attenuation  coefficients  at  12  laser  wavelengths,  namely 
0.3371, 0.4880, 0.5145, 0.6328, 0.6943, 0.B6, 1.06, 1.536, 3.392, 10.591, 27.9,  and 
337  micrometers,  for  10  model  atmospheres  for  altitudes  ranging  from  0  to  100  kilom¬ 
eters  above  sea  level.'^^  Elterman  has  computed  attenuation  parameters  at  20  wave¬ 
lengths  from  0.27  micrometer  to  2.17  micrometers  for  0  surface  meteorological  ranges 
for  altitudes  from  0  to  50  kilometers. Deirmendjian  has  calculated  attenuation  co¬ 
efficients  for  two  haze  models  and  three  cloud  models.’''*  One  should  remember  that 
all  the  calculations  mentioned  above  are  based  upon  well-chosen,  representative,  atmo¬ 
spheric  optical  environmental  parameters.  In  real,  outdoor,  atmospheric  environments, 
there  can  be  wide  variations  in  atmospheric  optical  conditions.  Tables  X  through  XIll 
contain  attenuation  coefficients  in  the  spectral  range  of  0.4  to  14  itm  for  calculating 
horizontal,  ground-level  atmospheric  transmittance  for  various  types  of  haze  and  fog 
conditions  as  specified  by  the  visual  range  (at  0.55  /am).  Similar  data  for  other  visible 

M.  Herman,  S.  R.  Browning,  and  R.  J.  Curran,  "The  Effect  of  Atmospheric  Acroaols  on  Scat¬ 
tered  Sunliglit,”/.  Atmos.  Sci.  28,  419  (1971). 

E.  Vola,  “Infrared  Absorption  by  Atmospberic  Aerosol  Substances,''/.  Ceophys.  Res,  77, 1017 
(1972),  and  “Infrared  Refractive  Index  of  Atmospheric  Aerosol  .Substances, ”.4ppf.  Opt.  II,  755 
(1972). 

^"^R.  A.  MeQatchey,  R.  W,  Fenn,  J.  E.  A.  Selby,  F.  W.  Vola,  and  J.  S.  Caring,  Optical  Properties  of 
the  Atmosphere  (Revised),  AFC RL-7 1-0279,  Environ.  Res.  Paper  No.  354,  Air  Force  Cambridge 
Research  Laboratories,  Bedford,  Massachusetts  (1971). 
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*  '^L.  Elterman,  Ferfical  Attenuation  Model  with  Eight  Surface  Meteorological  Ruiiges  2  to  13  Kilom¬ 
eters,  AFCRL-70-0200,  Environ.  Res.  Paper  No.  31B.  U.  S.  Air  Force  Cambridge  Iti-searrh  Labora¬ 
tories,  Bedford,  Massachusetts  (1970). 

Deirmendjian,  Electromagnetic  Scattering  on  Spherical  Polydispersions,  Elsevier,  New  York  (1969). 


Table  X.  Attenuation  Coefficienta  for  Haze  for  Various  Values  of 
Horizontal  Visible  Ranges  (Adapted  from  Elterman) 


VISIBILITY 
(AT  .55  iim) 

2  km 

6  km 

10  km 

23  km 

^  ATTEB.  COEFF. 
S. /TRAMSm. 

km“*  ) 

X  ( 

a 

T 

a 

T 

a 

T 

a 

T 

0.40 

2.66 

0.07 

0.904 

0.405 

0.553 

0.515 

0.243 

0.78 

0.45 

2.34 

0.10 

0.768 

0.455 

0.478 

0.620 

0.206 

0.82 

0.50 

2.13 

0.12 

0.713 

0.490 

0.429 

0.651 

0.184 

0.83 

0.55 

1.95 

0.14 

0.652 

0.521 

0.391 

0.676 

0.170 

0.84 

0.60 

1.74 

0.17 

0.578 

0.561 

0.346 

0.707 

0.159 

0.85 

0.65 

1.57 

0.21 

0.523 

0.593 

0.312 

0.732 

0.148 

0.86 

0.70 

1.47 

0.23 

0.488 

0.614 

0.291 

0.747 

0.139 

0.86 

0.80 

1.29 

0.27 

0.427 

0.652 

0.254 

0.776 

0.130 

0.88 

090 

1.17 

0.31 

0.388 

0.680 

0.229 

0.795 

0.122 

0.88 

1.06 

1.05 

0.35 

0.345 

0.708 

0.205 

0.815 

0.114 

0.89 

1.26 

0.946 

0.39 

0.312 

0.732 

0.185 

0.831 

0.108 

0.90 

Table  XL  Spectral  Altenuatiuii  CoefricientK  for 
Fog  for  Visibilitii*^  of  0.100  and  0.755  km 
{Adapted  from  Amulf  et  d.) 


VISIBILITY 


.1  km 


'^Th™***^**  a  I  km~l  )  T|  km-' )  a  |  km”'  )  T(  km"' 


Table  XII.  Spectral  Attenuation  by  Haze  and  Light  Fog 
Visibility  ^  1  km 
(Adapted  from  Chu  and  Hogg) 


10.59 


AHENUATION  COEFFICIENT 
(  km-1  ) 


3.0999B 

1.5046 

0.3544 


TRANSMITTANCE 
T  I  km-'  ) 


.04505 

.2221 

.7016 


range*  may  be  gencTated  frum  the  apeetrai  transmittance  ur  atlcnuatiun  curves  uf  Figs. 
16  through  26  for  the  conditions  under  which  the  mcasim'ments  pres«>nted  in  these 
figures  wire  made.  Interpolation  In'tweeii  measured  wavelength  points  should  be  made 
with  care,  lire  abeorption  bands  of  water  vapor  and  caf  bon  dioxide  sliould  be  kept  in 
mind  (see  Fig.  15). 

Computer  programs  to  calculate  atmospheric  transmittance  in  the  0.3  pm  to 
15  pm  spectral  region  for  various  model  atmospheres  for  horizontal  and  slant  optical 
paths  have  been  developed  by  various  workers. 


111.  CONTRAST  TRANSFER  BY  THE  ATMOSPHERE 

lYie  apparent  difference  between  the  radiant  sterance  (radiance)  of  an  object  and 
its  surroundings  enables  an  observer  to  detect  the  object  in  his  field  of  view.  The  char¬ 
acteristic  variations  in  the  radiant  sterance  of  the  object  provide  cues  for  the  recognition 
or  identification  of  the  object.  The  apparent  difference  in  sterance  is  a  measure  of  the 
contrast  between  the  object  and  its  surroundings.  Although  the  concept  of  contrast  is 
easy  to  grasp,  it  is  rather  difficult  to  agree  upon  a  standard,  internationally  recognized 
definition  of  this  term.  Furthermore,  the  measurement  of  contrast  is  one  of  the  most 
complex  and  difficult  problems  in  the  multidisciplinary  field  of  visionics  involving  vi¬ 
sion,  psychology,  atmospheric  optics,  and  dlectro-optical  technology.  Some  important 
contributions  on  this  subject  are  reported  in  the  literature.'’’*''® 

11.  DeRnttions  of  Contrast.  Let  us  consider  an  isolated  object  or  target  surround¬ 
ed  by  a  uniform  and  fairly  extensive  background.  The  contrast  between  the  target  and 


R.  A.  McOalchey,  R.  W.  Kmn,  j.  E.  A.  Sdby,  F.  W.  Vol*,  and  J.  S.  Caring,  Optint  hopertie*  of 
lH«  AimosphmefHevuedj,  AFCRL-71-0279,  Environ.  Re*.  Paper  No.  Air  Force  Cambridge 
Research  Laboratories,  Bedford,  Massachusetts  (1971). 

^  E.  K.  Midtfleton,  t-uion  Throuffh  thv  Atmotphere,  University  of  Toronto  Press  (19.'>2). 

^  ‘^.S.  Q,  Duntley,  R.  W.  Johnson,  J.  I.  (Sordon,  and  A.  R.  Boileau,  /tirbome  Mnuuremenls  of  Optical 
Almotphtric  Propcrtiti  ta  A'lghl,  AFX]RL-7(M)I37,  SIO  Ref,  70-7,  Sciipps  Institute  of  Oeeanogra- 
phy.  Visibility  Laboratory,  University  of  California,  San  Diego,  Calif.  (1970). 
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”L.  M.  Biberman  and  S.  Nudelman,  Editors,  Photoelectronic  Imaging  Devket,  Vol.  ) ,  Plenum  Press, 
New  York  (1971). 

*  E.  Nicodemus,  Radiomriric  ISomcndature,  Miehetson  Laboratory,  Naval  Weapons  Center,  (Tiina 
Lake,  California  (1971). 

IRO 

^F.  E.  Nicodemus,  Applied  Opiiciand  Optical  Engineering,  Volume  IV,  Editor  R.  Kingslakr,  Aea- 
demic  Press,  New  York  (1%7). 
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the  background  may  be  expressed  in  a  number  of  ways,  fur  example, 


>.»  • 

(00) 

,,  i,»  - 1." 

^  ■ 

(91) 

.  L»  -  L" 

■  LT  +  lB  • 

(92) 

and 

c  -  ‘ 

(92a) 

where  C  is  contrast,  L  represents  the  radiant  stcranrr  (variously  called  radiance,  lumin¬ 
ance,  or  brightness),  and  superscripts  T  and  B  indicate  target  (object)  and  background, 
respectively,  C|  is  sometimes  called  “Weber’s  fraction”  by  psychologists.  Cj  is  now 
called  “modulation,”  though  earlier  it  was  named  “visibility”  by  Michelson  in  connec¬ 
tion  with  interferometric  fringes.  As  the  relative  sterance  of  the  object  (target)  becomes 
larger  or  smaller  with  respect  to  that  of  the  backpound,  C|  varies  from  >1  to  -*-<»,  C} 
varies  from  +I  to  -oa,  and  C3  varies  from  0  to  I ;  C|  and  Cj  change  sign,  but  Cj  and  C4 
do  not  change  sign. 

For  an  clectro-optical  system  such  as  a  TV-type  monitor  display  where  there 
arc  gain  (contrast)  and  reference  radiation  level  (brightness)  controls,  the  significant 
quantity  in  the  electro-optical  image  is  the  minimum-detectable,  luminous-stcrance 
(brightness)  difference. 


Al.  =  I  L’  -  1.'*  I.  (93) 

For  infrared  imaging  systems,  the  minimum-dclectahic  radiant  sterance  (radiance)  is 
generally  given  as  the  minimum-detectable,  sterance  temperature  difference, 

AT  =  i  tJ  -  tJ  I ,  (94) 

where  Tj^  is  sterance  temperature, 

12.  The  Alteration  of  Contrast  by  the  Atmosphere.  The  apparent  contrast  of  a 
distant  object  is  modified  by  two  (actors:  ( I )  the  atmospheric  attenuation  causes  a 
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reduction  in  the  iiniuunt  of  radiation  propagating  from  the  diatant  target  object  to  the 
obaerver;  and  (2)  the  molcculea  and  aerosoia  contained  in  the  optical  path  contribute 
to  the  observed  radiation  by  scattering  and  emission.  The  itet  radiation  due  to  the 
second  factor  produces  the  so-catled  “optical  path  stcraiice  (radiance).” 

The  apparent  contrast  of  a  target  object,  located  at  a  distance  R  from  the  ob¬ 
server,  according  to  equation  (90),  is  given  by 

C,  =  ,  ,V5, 


and  the  inherent  contrast  (at  distance  approaching  zero)  is  given  by 

hi  -  LB 


c„  = 


(96) 


The  ratio  of  the  apparent  contrast  to  the  inherent  contrast,  called  the  “atmospheric 
contrast  transferance,”  T^  (variously  called  atmospheric  contrast  transmittance  or  atmo- 
aspheric  contrast  transfer  function)  is  ^ven  by 


(97) 


Let  Tg  and  L^  denote,  respectively,  the  atmospheric  transmittance  and  radiant  sterance 
(radiance)  of  the  optical  path  of  length  R  between  the  observer  and  the  target.  Ttuis. 
the  apparent  sterance  of  the  target  L^  and  that  of  the  background  I.B  will  be  given  by 

•'R  =  +'4  *  (W) 


Lg  =  I 


B  T* 
•o  ‘k 


+  Lf, 


(99) 


Combining  equations  (95),  (96).  and  (97),  we  gel 

j  -  (Lr  -  L^)  LB 


(100) 


Substituting  the  values  of  L^  and  L^  from  equations  (90)  and  (99)  into  equation  (100) 
gives 
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C| 


1 


T  -  T,  til  .  T,L« 

"  T|,L|tL|i  L|  ■ 

^  _  Trangmitted  Background  Sterance 

Apparent  Background  Sterance 

Division  of  the  middle  terms  in  equation  (101)  by  T|(  gives 


(101) 

(lOIa) 


(102) 


i.e.. 


1  + 


Optical  Path  Sterance _ 

Transmitted  Background  Sterance 


]“ 


(102a) 


If  the  contrast  definitions  expressed  by  equations  (91)  and  (92)  are  used  in 
equation  (97)  and  the  values  from  equations  (98)  and  (99)  arc  again  substituted,  the 
expressions  for  and  are  given  by 


or 


and 


or 


Optical  Path  Sterance 
Transmitted  Target  Sterance 


[ 


I  + 


j  ^  2  (Optical  Path  Steranre) 
Transmitted  Sterance  of 
Target  and  backgroiinii 


(103) 


(103a) 


(104) 


(l(V4a) 


A  comparison  of  the  three  defining  equations  of  contrast  and  the  corres¬ 
ponding  equations  fur  contrast  transferanec  reveals  that  the  divisi>r  in  the  defining 
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equation  of  contrast  and  that  in  the  second  term  in  the  corresponding  expression  for 
contrast  transferance  is  the  same. 

The  important  conclusion  here  is  that  the  atmospheric  contrast  transferance 
is  a  function  of:  (a)  the  radiant  aterance  (radiance)  of  the  optical  path,  (b)  the  atmo¬ 
spheric  transmittance,  and  (c)  the  inherent  radiant  sterance  of  the  background  and/or 
the  target.  The  atmospheric  contrast  transferance  is  thus  dependent  upon  the  complex 
luture  of  the  optical  state  of  the  optical  path.  The  atmospheric  phenomena  of  scatter¬ 
ing,  absorption,  emission,  and  turbulence  all  play  important  roles  in  the  transfer  of  con¬ 
trast  by  the  atmosphere.  Thus,  a  knowledge  of  the  composition  of  atmospheric  gases, 
the  physical  characteristics  of  atmospheric  aerosols,  and  the  ambient  radiant  incidence 
is  essential  for  a  complete  description  of  an  atmospheric  optical  environment. 

Equations  ( 101)  and  (102)  are  the  most  general  expressions  for  the  law  of 
contrast  transfer  by  the  atmosphere.  The  value  of  atmospheric  contrast  transferance 
decreases  with  increasing  values  of  optical  path  sterance  as  expected.  The  use  of  gated 
viewing  techniques  at  nighttime  minimizes  the  optical  path  sterance  and  thus  enhances 
the  apparent  contrast. 

The  contrast  transferance  of  the  atmosphere  is  a  wavelength-dependent  par¬ 
ameter;  it  increases  with  increase  in  wavelength  us  does  atmospheric  transmittance, 
except  in  atmospheric  absorption  bands. 

13.  Optical  Measurements  for  Derivation  of  Atmospheric  Contrast  Transferance. 
Using  the  Monte  Carlo  method,  Wells  et  at.  have  made  theoretical  computations  of  at¬ 
mospheric  contrast  transferance  (transmittance)  for  two  model  atmospheres  having 
ground-level,  horizontal,  visible  ranges  of  23  km  (clear)  and  3  km  (hazy).'^'  Figure  37 
based  upon  Wells*  study  indicates  that  for  various  values  of  the  nadir  angle  (180°  minus 
the  zenith  angle)  the  contrast  transferance  can  decrease  by  u  large  factor  if  a  target  is 
viewed  through  a  long  optical  path,  especially  under  reduced  visibility  conditions.  This 
study  indicated  the  necessity  fur  field  measurements.  Under  an  Air  Force  (lam bridge 
Research  Laboratories'  program  directed  by  R.  W'.  Fcnn  and  supported  by  Visibility 
Laboratory,  Uuntley,  lohnson,  Gordon,  and  Boilcau  have  conducted  extensive  airborne 
and  ground-level  measurements  of  the  properties  of  the  atmosphere  at  night.'**  Thej 

I  0| 

M.  B.  Wells,  I).  (i.  (Collins,  and  K.  A.  Iluoper,  Contmt  Tranimiuion  Data  for  Owand  llaxy  Model 
Almofffherei,''  Iteport  AF(!KL-(iR-0fi(i0, 1.  II,  III,  Radiation  Reiieareh  A88CM.-ial(‘s,  Fort  Wurth, 
TiMa8(|yf>8). 

I  A') 

'  (,).  Diintli'v,  K.  W'.  JohniMiii,  J.  I.  (iordun,  and  A,  R.  Iluilrau,  Airborne  Metuiiremenli  of  (iptirol 

Atmoapherie  Properiiea  at  \ight,  AF(3tL-70-0l.'t",  .''lO  Ref.  70-7,  Seripps  Institute  of  ( tecanugni- 
pliy.  Visibility  l.uhoratiiry ,  University  of  California,  Sail  Diego,  (Jalif.  (1970). 
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have  made  mratiurementA  of  optical  paramelerH  nccesaary  to  compute  optical  path  radi¬ 
ant  iterance  (radiance).  The  airliorne  mcasturementit  of  atmospheric  optical  parameters 
included:  (I)  upwelliiig  and  downwelling  (terrain  and  sky)  radiant  stcrance  (radiance) 
each  over  a  2ff  steradian  field  of  view,  (2)  direeiional  :^nd  total  scattering  coefficients, 
(3)  upwelling  and  downwelling  radiant  inddance  (irradiance),  (4)  number  and  size  dis¬ 
tribution  of  aerosols,  and  (S)  usual  metcordogical  parameters  such  as  dew  point  and 
ambient  air  temperature,  pressure,  relative  humidity,  altitude,  and  air  speed.  The 
^ound-based  measurement  systems  were  similar  to  those  used  for  airborne  observations. 
Special  care  was  taken  to  make  terrain  directional  reflectance  and  pound-level  radiant 
inciduiice  and  sky  radiant  stcrance  measurements.  The  aerosol  counters  were  operated 
on  a  24-hour  duty  cycle  at  a  few  times. 

The  atmospheric  contrast  transfcrance  (transmittance)  was  computed  using 
the  alternate  relation 

Tc  =  I  (>05) 

where  is  the  directional  inherent  background  reflectance  and  is  the  “directional 
path  reflectance"  defined  as 

p'-itLP/ETr,  (106) 

where  is  the  optical  path  sterance,  E  is  the  downwelling  incidance,  and  T|{  is  the 
atmospheric  transmittance.  All  the  quantities  in  this  work  have  wavelength,  altitude, 
and  directional  dependence. 

The  beam  transmittance  was  computed  from  scattering  measurements  of  the 
ncphelometcr. 

The  optical  path  stcrance  1.^  was  computed  using  the  relation 


n 


where  Lp  is  the  Duntley  “optical  path  sterance  function”  defined  by  the  relation 


(108) 


where  1.^  is  the  “equilibrium  stcrance”  and 
altitude  level  i. 


i.<(  the  total  scattering  coefficient  at  an 


llie  equilibrium  sterance  is  computed  using  the  relation 

[§f]dn  (100) 

47 

where  L  is  the  apparent  sterance  of  the  sky  or  ground  in  a  particular  direction,  o^  is  the 
directional  scattering  coefficient,  and  [o^o^\  is  called  the  “proportional  directional 
scattering  cocfncient"  along  the  scattering  direction 

Thus  the  calculations  are  made  in  the  following  order:  ( I )  equilibrium  ster¬ 
ance,  (2)  Duntley’s  optical  path  sterance  function,  (3)  optical  path  sterance,  (4)  direc¬ 
tional  path  reflectance,  and  (5)  atmospheric  contrast  transference  (transmittance). 

Figure  38  shows  the  variation  of  contrast  transfcrance  tvith  altitude  for  two  types  of 
backpounds  observed  in  a  vertical,  downward  direction  using  the  detector  with  an  S-20 
spectral  response.  The  contrast  transference  is  higher  for  the  back^ound  with  higher 
reflectance. 

Direct  nighttime  field  measurements  of  ground-level,  horizontal-optical-path 
sterance  require  the  use  of  a  sensitive,  large-aperture  teleradiometer  aimed  at  a  large 
radiation  trap. 

Schie  has  made  nighttime  measurements  of  the  distance  at  which  the  atmo¬ 
spheric  contrast  transfcrance  ie  0.5  using  a  teleradiometer  with  S-20  response. A  two- 
dimensional  histogram,  expressing  the  level  of  luminous  incidence  and  the  percentage  of 
occurrence  when  a  certain  distance  for  which  0.5  of  the  inherent  contrast  is  obtained, 
has  been  presented.  This  study  indicates  that  the  most  probable  range  of  about  300 
meters  for  T^  =  0.5  occurs  for  luminous  incidence  of  10'*  lux. 

14.  llie  Effect  of  Contrast  on  the  Perfomivice  of  Viewing  Systems.  The  per¬ 
formance  of  a  viewing  device  is  proportional  to  the  square  of  the  apparent  contrast  of 
an  object  according  to  the  well-known  Rose  equation 

L  C*  o*  =  Constant  (HO) 

where  L  is  the  luminous  sterance  (luminance)  of  the  scene,  C  is  the  apparent  contrast  of 
the  object,  and  a  is  the  angular  size  of  the  object."* 

van  Schie,  Nocturnal  Illumination  and  Deermue  of  Contratt  in  the  Atmosphere,  Report  Ph.  L. 
19694,  Physics  Laboratory  TNO,  National  Defence  Research  Organir.alion,  The  Hague,  Nether- 
lamb  (1969). 

Rose,  “The  Sensitivity  Performance  nf  the  Human  Eye  on  an  Absolute  Scale,”y.  Opt.  Soc,  Am, 
38, 196(1948). 
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From  equation  (1 10),  it  is  clear  that  an  accurate  determination  of  the  appar¬ 
ent  contrast  or  the  atmospheric  contrast  translerance  (see  equation  (97))  is  essential  for 
the  determination  of  the  performance  of  visual  or  imaging  systems  which  have  to  be 
used  in  the  natural  outdoor  atmospheric  optical  environments. 

A  nighttime-contrast-measuring  system  using  a  3-stage  image  intensifier  and 
a  teleradiometric  system  has  been  designed  by  Vatoia  and  used  for  nighttime,  outdoor, 
contrast  studies."*  These  studies  confirm  that  there  can  be  quite  a  considerable  degra¬ 
dation  of  apparent  contrast  by  thick  haze  and  fog. 

15.  Meteorological  Visibility  of  Objects  Seen  Against  the  Sky  Background.  The 
meteorological  visibility  is  defined  as  the  farthest  distance  at  which  a  black  object,  sub¬ 
tending  an  angle  between  0.5°  and  7.0°  at  the  observer’s  eye,  can  be  recognized  with 
unaided  eye  against  the  horizon  sky  (nr,  in  the  case  of  night  observation,  could  be  recog¬ 
nized  if  the  general  illumination  were  raised  to  the  daylight  level). 


The  meteorological  visibility,  when  objectively  measured,  equals  the  optical 
path  which  will  have  a  transmittance  of  0.05  for  a  collimated  beam  from  an  incandes¬ 
cent  lamp  operating  at  a  color  temperature  of  2700°  K  when  measured  with  a  photopic 
(luminous)  flux  meter. 

If  one  uses  the  criterion  of  detection  of  the  object  (rather  than  recognition), 
the  transmittance  of  0.02  is  used  for  the  corresponding  meteorological,  optical  range. 


The  atmospheric-contrast  transferance  is  given  by  the  general  expression 


T  -  Gk  _  Lg  T, 

■  LB  * 


(101) 


In  the  special  case,  when  the  background  is  the  hurizun  sky,  the  ratio  |  Lg/L^  |  is  unity 
for  all  values  of  the  optical  range.  Equation  (101),  therefore,  reduces  to  the  simple  form; 

Tr  =  Tc  .  (Ml) 

That  is,  when  objects  arc  seen  against  the  horizon  sky,  the  atmospheric-contrast  truns- 
ferance  equals  the  atmospheric  transmittance.  Writing  the  value  of  T^  in  terms  of  the 


R.  Moulton,  (!.  P.  Intano,  W.  E.  .Stump,  f>.  R.  Newman,  R.  P.  RliaM,  and  I).  Dunlap,  /t  Starch 
Performance  Test  on  Ground  Hated  Thermal  Imaging  and  Pulse  Gated  Intensifier  Night  I'ision 
Systems,  Preliminary  Report,  Viaioniun  Teclinical  An*a,  Niglit  Viaion  laibnratory ,  Port  lielvoir, 
Virginia  (1972). 
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attenuation  coefficient  a,  we  get 


e“R  =  Tc  (112) 

where  a  is  the  attenuation  coefficient  and  R  is  the  optical  path  length.  On  taking  the 
natural  logarithm,  equation  (112)  takes  the  form: 

-0(R  =  fin  [TqI  , 


or 


R  =  Ifin[l/Tcl.  (113) 

This  equation  implies  that  for  objects  seen  against  the  sky  background  the  optical  range, 
or  visibility,  equals  the  natural  logarithm  of  the  reciprocal  of  the  atmospheric-contrast 
transferance  or  “threshold  contrast**  divided  by  the  attenuation  coefficient  of  the  me¬ 
dium  in  the  optical  path.  If  =  0.02,  the  optical  range  is  variously  called  the  meteoro¬ 
logical  optical,  visual  range,  or  visibility  ,  and  we  obtain 

V.M  =  5  fin  [1/0.02]  , 

V.o,  =  3.912/a.  (113a) 

Similarly,  if  one  uses  the  value  0.05  for  the  threshold  contrast,  or  ,  the  meteorologi¬ 
cal  optical  range  is  given  by  the  expression 

V.os  =  5  I  ’ 

or 

V.o,  =  2.9957/a  ^  3/0 .  (11 3b) 

When  the  optical  medium  has  no  absorbing  gases  or  aerosols,  the  absorption  cocrficient 
is  zero,  and  the  attenuation  coefficient  of  the  medium  is  equal  to  the  scattering  coeffi¬ 
cient  a.  Therefore,  one  can  replace  a  in  equation  (1 13)  by  o.  Thus,  for  u  transparent 
medium  the  meteorological  optical  rang(%  or  visibility,  is  given  by  the  expressions 

V.o,  =  3.912/a,  (Il4a) 
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or 

V.os*3/a.  (1141.) 

depending  upon  whefh'er  one  chooses  the  value  0.02  or  0.05  for  the  thretihuld  eunirasl. 


no 


